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Preface

Dear Colleagues,

For a long time, it was widely accepted that the biological effects of ionizing radiation such as cell

death, DNA damage, and mutagenesis result from the direct ionization of cell structures, particularly

DNA, or from indirect damage through reactive oxygen species produced by the radiolysis of water.

This “targeted effect” (TE) model has been questioned by numerous observations, in which cells,

that were not directly irradiated, exhibited responses similar to those of the directly irradiated cells.

Therefore, it is nowadays accepted that the detrimental effects of ionizing radiation are not restricted

only to the irradiated cells, but also to non-irradiated adjacent or distant cells.

The non-targeted effects (NTEs) of ionizing radiation, which include genomic instability,

radiation-induced bystander effects, and abscopal effects, are defined as the occurrence of biological

effects in non-irradiated cells because of the irradiation of other cells in the population. In opposition

with TE, that display a linear dose–response, NTEs exhibit a non-linear dose–response, with a marked

effect at low doses of radiation. The related cellular and molecular mechanisms of NTEs are still not

completely understood, as they are mainly dependent on the cell type and the radiation quality. It is

now widely admitted that in specific conditions, irradiated cells produce stress factors, which affect

non-irradiated cells in the close environment (bystander effect) or at distance (abscopal effect). The

cellular response, observed in non-irradiated cells, can be very similar to the response of irradiated

cells, with a modulated intensity. NTEs involve the secretion or the release by irradiated cells of a

broad range of stress factors, from cytokines and specifically secreted molecules to reactive oxygen

species or oxidized cellular wastes. In the case of communication between neighborhood cells, the

stress factors can disseminate through gap junctions, or in the case of distance communication,

through small vesicles containing various embedded molecules. NTEs are commonly studied

as low-dose radiation effects in radioprotection, in association with genomic instability, mutation

induction, and secondary cancer risk.

In a radiotherapy context, TE and NTE can be involved at the same time and, in the case of NTE,

it could present several risks of complications when the irradiated area is very close to a sensitive

organ. On the other hand, NTEs could increase the biological effect of the radiotherapy on distant

non-irradiated cancer cells (such as metastases) with immune-associated effects (abscopal effect) or

on non-irradiated cancer cells adjacent to cancer cells specifically targeted with radioactive antibodies

(positive bystander effect).

I am pleased to share with you this Special Issue on the “Targeted and non-targeted effects of

ionizing radiation in the context of cancer radiotherapy”.

François Chevalier

Guest Editor

ix





 International Journal of 

Molecular Sciences

Article

A Proteomic Study Suggests Stress Granules as New Potential
Actors in Radiation-Induced Bystander Effects

Mihaela Tudor 1,2, Antoine Gilbert 3, Charlotte Lepleux 3, Mihaela Temelie 1, Sonia Hem 4, Jean Armengaud 5 ,

Emilie Brotin 6, Siamak Haghdoost 3, Diana Savu 1 and François Chevalier 3,*

����������
�������

Citation: Tudor, M.; Gilbert, A.;

Lepleux, C.; Temelie, M.; Hem, S.;

Armengaud, J.; Brotin, E.; Haghdoost,

S.; Savu, D.; Chevalier, F. A Proteomic

Study Suggests Stress Granules as

New Potential Actors in

Radiation-Induced Bystander Effects.

Int. J. Mol. Sci. 2021, 22, 7957.

https://doi.org/10.3390/

ijms22157957

Academic Editor: Sabrina Angelini

Received: 24 June 2021

Accepted: 20 July 2021

Published: 26 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Life and Environmental Physics, HoriaHulubei National Institute of Physics and Nuclear
Engineering, 077125 Magurele, Romania; mihaela.tudor@nipne.ro (M.T.); mihaela.temelie@nipne.ro (M.T.);
dsavu@nipne.ro (D.S.)

2 Faculty of Biology, University of Bucharest, 050095 Bucharest, Romania
3 UMR6252 CIMAP, Team Applications in Radiobiology with Accelerated Ions,

CEA-CNRS-ENSICAEN-Université de Caen Normandie, 14000 Caen, France; antoine.gilbert@ganil.fr (A.G.);
charlotte.lepleux@gmail.com (C.L.); siamak.haghdoost@ganil.fr (S.H.)

4 BPMP, Montpellier University, CNRS, INRAE, Institut Agro, 34000 Montpellier, France;
sonia.hem@supagro.inra.fr

5 Université Paris-Saclay, CEA, INRAE, Département Médicaments et Technologies pour la Santé (DMTS), SPI,
30200 Bagnols-sur-Cèze, France; jean.armengaud@cea.fr

6 ImpedanCELL Platform, Federative Structure 4206 ICORE, NormandieUniv, UNICAEN, Inserm U1086
ANTICIPE, Biology and Innovative Therapeutics for Ovarian Cancers Group (BioTICLA), Comprehensive
Cancer Center F. Baclesse, 14000 Caen, France; e.brotin@baclesse.unicancer.fr

* Correspondence: chevalier@ganil.fr; Tel.: +33-(0)231-454-564

Abstract: Besides the direct effects of radiations, indirect effects are observed within the surrounding
non-irradiated area; irradiated cells relay stress signals in this close proximity, inducing the so-called
radiation-induced bystander effect. These signals received by neighboring unirradiated cells induce
specific responses similar with those of direct irradiated cells. To understand the cellular response
of bystander cells, we performed a 2D gel-based proteomic study of the chondrocytes receiving the
conditioned medium of low-dose irradiated chondrosarcoma cells. The conditioned medium was
directly analyzed by mass spectrometry in order to identify candidate bystander factors involved in
the signal transmission. The proteomic analysis of the bystander chondrocytes highlighted 20 proteins
spots that were significantly modified at low dose, implicating several cellular mechanisms, such
as oxidative stress responses, cellular motility, and exosomes pathways. In addition, the secretomic
analysis revealed that the abundance of 40 proteins in the conditioned medium of 0.1 Gy irradiated
chondrosarcoma cells was significantly modified, as compared with the conditioned medium of
non-irradiated cells. A large cluster of proteins involved in stress granules and several proteins
involved in the cellular response to DNA damage stimuli were increased in the 0.1 Gy condition.
Several of these candidates and cellular mechanisms were confirmed by functional analysis, such
as 8-oxodG quantification, western blot, and wound-healing migration tests. Taken together, these
results shed new lights on the complexity of the radiation-induced bystander effects and the large
variety of the cellular and molecular mechanisms involved, including the identification of a new
potential actor, namely the stress granules.

Keywords: chondrosarcoma; bystander signaling; proteomic analysis; secretome; stress granules

1. Introduction

Healthy normal tissues protection and patient recovery without sequelæ are key
factors in modern cancer radiation therapy (RT). Certainly, radiation-induced side effects
raise some concern due to the subsequent growth in morbidity among paediatric and adult
patients. Models used in RT were initially developed from data collected after photon
radiation. Emerging protocols of RT with protons or heavier particle, such as carbon

Int. J. Mol. Sci. 2021, 22, 7957. https://doi.org/10.3390/ijms22157957 https://www.mdpi.com/journal/ijms1
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ions in advanced medical facilities, have widely changed the way of thinking about local
tumor control and the impact on healthy tissues [1,2]. Particle therapy (hadrontherapy)
with protons has the advantage of a minimal exit dose after energy deposition in the
target volume, and hence better sparing of critical structures in the vicinity of the tumor.
Moreover, RT with carbon ions represents an exciting radiation modality, which combines
the physical advantages of protons, excepting for an exit fragmentation tail, with higher
radiobiological effectiveness [3]. Carbon ion therapy is expected to diminish the radiation
morbidity rate. However, the multitude of combinations of radiation quality (linear energy
transfer, energy, dose rate, dose, etc.) and tissue biological status (cell culture conditions,
genetic background, etc.) does not ease the building of a relevant model for healthy tissue
or tumor exposure during RT.

Irradiated cells may release signals which can induce biological alterations of neigh-
boring non-irradiated cells termed the “radiation-induced bystander effects” (RIBE) [4,5].
There is no concord on a precise designation of RIBE, which involves distinct signal-
mediated effects within or outside the irradiated volume [6]. Several cellular mechanisms
have been suggested to be involved in the transmission of bystander signals by irradiated
cells, including the secretion of soluble factors in the extracellular matrix, or the direct
communication via gap junctions [7]. This phenomenon was observed in vivo in a context
of major local inflammation, linked with a global imbalance of oxidative metabolism that
makes its analysis challenging using in vitro model systems [8].

Several studies have aimed to identify the mechanisms of the radiation-induced
bystander effect using proteomic tools. The protein composition of exosomes secreted
by irradiated UM-SCC6 (human head-and-neck cancer cells) was investigated by direct
mass spectrometry analysis [9], and showed a large number of proteins modulated (425
up-regulated and 47 down-regulated), belonging to different cellular processes, including
the response to radiation, the metabolism of radical oxygen species and the DNA repair.
Several soluble factors secreted from irradiated WEHI 164 (mouse fibrosarcoma cell line)
were identified with a proteomic approach [10], including heat shock cognate, annexin A1,
angiopoietin-2, and stress-induced phosphoprotein 1. The same proteomic approach was
used to study a bystander communication between irradiated and non-irradiated fish [11].
In bystander fish, several modulated proteins were similar to those induced in irradiated
fish, including hemoglobin subunit beta and hyperosmotic glycine-rich protein.

In one of our previous studies, we used a medium transfer approach to study RIBE [12].
Chondrosarcoma cells were irradiated with X-rays or C-ions (0.05 to 8 Gy) and then the
supernatant, containing the signals emitted by irradiated cells, was transferred into flasks
with non-irradiated chondrocytes. We use different technical strategies, such as clonogenic
assay, multiplex ELISA analysis of conditioned medium, and flow cytometry for cell cycle
analysis of direct irradiated and bystander cells. Our results showed a significant reduction
in chondrocyte survival after transfer of the conditioned medium from chondrosarcoma
cells irradiated with low doses (0.05 and 0.01 Gy) of X-rays and C-ions. By diluting this
medium, the phenomenon decreased proportionally, confirming the presence of bystander
factors. Some of these factors were partially observed using multiplex analysis of cell
cytokines. Taken together, these results showed the capacity of chondrosarcoma cells
to secrete bystander signals, particularly at a low irradiation dose, and the capacity of
chondrocyte cells to receive these signals [12].

The goal of this study was to better understand the intercellular communication
between the irradiated chondrosarcoma cells and the bystander chondrocytes using pro-
teomics [5]. These approaches allowed us to propose new bystander candidates and cellular
responses potentially involved in these non-targeted effects. Some of these results were
presented at the 45th Annual Meeting of the European Radiation Research Society in Lund,
Sweden [13].
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2. Results

2.1. Secretome Analysis of the Conditioned Medium of Low Doses Irradiated Chondrosarcoma Cells

The dataset acquired on the 12 samples comprises 1,338,540 high-resolution MS/MS
spectra. First, as we expected, the presence of contaminants due to fetal calf serum, an
interpretation of the MS/MS spectra dataset against the “Bostaurus” theoretical annotated
genome was performed, prior to interrogating the “Homo sapiens” theoretical coding
sequences.

A total of 357,084 MS/MS spectra were interpreted in this first search round. We
identified a large number of bovine serum proteins: 889 were validated with at least two
peptides of different sequences. The most abundant proteins were: serum albumin with a
21,209 spectral count (i.e., 6% of the total), but this ratio is by far lower than for a serum
analysis which shows that the washes were effective but far to be sufficiently exhaustive to
remove all traces of bovine proteins. It is interesting to note the BSA rate for each sample:
around 2% for the six samples (3 samples 0 Gy and 3 samples 0.1 Gy) with x10 PBS washes
to 10–12% for the other samples with x5 PBS washes, showing the necessity to extensively
wash the cells prior to incubation and extraction of the secreted proteins.

In a second search round, we analyzed the yet unassigned MS/MSspectra against
the SwissProt human database. In this case, a total of 547,589 MS/MS spectra were
unambiguously assigned to peptide sequences. With this dataset, we validated 1522
additional proteins identified with at least two distinct peptides. So, we observed a greater
number of proteins compared to the “Bostaurus” request. This double round interpretation
confirmed that we had more than just serum proteins in these samples, and certified the
presence of the human proteins.

A comparison was then carried out in order to identify the overabundant proteins in
the irradiated comparison (0.1 Gy) versus control condition (three biological replicates x two
analytical replicates) following the “PatternLab for proteomics” procedure. Considering
the condition with 10X PBS washes, a total of 87 groups of proteins were found significantly
modulated (p-value ≤ 0.05 and fold change ≥ 1.5×), with a total of 55 more abundant
and 32 less abundant proteins. From these protein groups, several accessions associated
with bovine origin were removed and, finally, 40 were associated with a known human
accession. The abundance of 24 proteins were increased while 16 were decreased in the
conditioned medium of irradiated cells (Table 1).

We focused on proteins specifically which significantly increased in the conditioned
medium of low-dose irradiated cells. Polyadenylate-binding protein 1 (P11940) was over-
secreted 23.8 times in the conditioned medium of SW1353 cells irradiated with 0.1 Gy
X-rays when compared with the conditioned medium of non-irradiated SW1353 cells. It is
interesting to note that several ribosomal proteins increased in the conditioned medium
of low-dose irradiated cells (60S ribosomal protein L34; 60S ribosomal protein L7a; 60S
ribosomal protein L8; 40S ribosomal protein S2; 40S ribosomal protein S6; Ubiquitin-40S
ribosomal protein S27a).

Several other proteins were identified, in relation with the oxidative response and
red/ox status (Acetyl-CoA acetyltransferase; Transmembrane protein 189), cadherin bind-
ing (Septin-7), cell migration (Profilin-2) or the response to DNA damage stimulus (E3
ubiquitin-protein ligase RBBP6). Several of these proteins were reported to be involved in
extracellular exosomes (glyoxalase domain-containing protein 4; protein HSPD1; S-methyl-
5’-thioadenosine phosphorylase; Endoplasmic reticulum aminopeptidase 1).
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Table 1. List of 40 modulated proteins (24 up-regulated and 16 down-regulated) in the conditioned medium of low-dose
irradiated chondrosarcoma cells, as compared with non-irradiated chondrosarcoma cells.

Accession Name pI
Mass
(Da)

Tfold * p-Value

P11940 Polyadenylate-binding protein 1 9.85 106.299 23.83 0.0264
P24752 Acetyl-CoAacetyltransferase, mitochondrial 8.39 58.871 4.00 0.0051

A5PLL7 Transmembraneprotein 189 9.07 107.703 3.33 0.0278
P08243 Asparagine synthetase [glutamine-hydrolyzing] 6.86 67.256 3.17 0.0155
P35080 Profilin-2 8.87 77.777 2.86 0.0423
P49207 60S ribosomal protein L34 10.64 21.824 2.50 0.0011

Q9HC38 Glyoxalase domain-containing protein 4 7.94 68.961 2.11 0.0191
P62424 60S ribosomal protein L7a 10.54 33.547 2.00 0.0150
P62753 40S ribosomal protein S6 10.74 31.799 2.00 0.0064
Q16181 Septin-7 8.97 244.012 2.00 0.0076
P27361 Mitogen-activated protein kinase 3 9.14 69.163 2.00 0.0250
O60763 General vesicular transport factor p115 5.88 159.184 1.91 0.0191
P62979 Ubiquitin-40S ribosomal protein S27a 9.64 19.523 1.84 0.0356
Q53SE2 Uncharacterized protein HSPD1 8.32 70.924 1.83 0.0186
P62917 60S ribosomal protein L8 11.15 32.789 1.79 0.0017

Q9NQR4 Omega-amidase NIT2 6.73 47.093 1.75 0.0335
P15880 40S ribosomal protein S2 10.37 34.399 1.67 0.0156
O75367 Core histone macro-H2A.1 9.75 68.531 1.67 0.0379
Q13126 S-methyl-5’-thioadenosine phosphorylase 9.17 186.699 1.64 0.0031
Q96D15 Reticulocalbin-3 5.05 46.220 1.64 0.0047
Q7Z6E9 E3 ubiquitin-protein ligase RBBP6 9.65 98.855 1.58 0.0385
O00370 LINE-1 retrotransposable element ORF2 protein 9.51 5.633.488 1.57 0.0179
Q9NZ08 Endoplasmic reticulum aminopeptidase 1 9.00 202.092 1.50 0.0219
P22087 rRNA 2’-O-methyltransferase fibrillarin 10.19 41.124 1.50 0.0219
O15145 Actin-related protein 2/3 complex subunit 3 9.60 28.754 −1.67 0.0379
Q13257 Mitotic spindle assembly checkpoint protein MAD2A 6.30 55.269 −1.67 0.0250
O15498 Synaptobrevin homolog YKT6 8.79 96.462 −1.90 0.0171
Q9UJS0 Calcium-binding mitochondrial carrier protein Aralar2 9.33 119.145 −2.00 0.0011
Q00325 Phosphate carrier protein, mitochondrial 9.34 63.151 −2.00 0.0409

Q8WXF1 Paraspeckle component 1 8.96 74.454 −2.08 0.0003
P10155 60 kDa SS-A/Ro ribonucleoprotein 9.63 350.653 −2.10 0.0160
Q5JXB2 Putative ubiquitin-conjugating enzyme E2 N-like 9.15 95.474 −2.11 0.0030
P53004 Biliverdin reductase A 6.47 41.158 −2.18 0.0405
Q9Y230 RuvB-like 2 5.40 54.097 −2.24 0.0169
O75153 Clustered mitochondria protein homolog 6.34 190.902 −2.29 0.0427

Q9HD20 Manganese-transporting ATPase 13A1 9.48 70.012 −2.50 0.0029
P18754 Regulator of chromosome condensation 5.79 42.947 −2.67 0.0108

Q09328 Alpha-1,6-mannosylglycoprotein 6-beta-N-acetylglucosaminyl
transferase A 9.09 255.616 −2.75 0.0003

Q14195 Dihydropyrimidinase-related protein 3 8.69 171.819 −2.85 0.0245
P13645 Keratin, type I cytoskeletal 10 6.00 75.115 −2.87 0.0138

* Tfold is positive for accessions up regulated in the conditioned medium of irradiated cells, and negative for accessions down regulated in
the conditioned medium of irradiated cells.

Forty proteins were statistically modulated in the conditioned medium of chondrosar-
coma cells irradiated at a low dose (0.1 Gy), when compared with non-irradiated cells;
twenty-four proteins were statistically highly expressed. Some of them were involved in
key metabolic pathways and were suspected to participate in radiation-induced bystander
signaling. These accessions were analyzed according to potential interaction networks
with a STRING functional enrichment analysis (Figure 1). A clear and dense cluster can
be observed in the middle of the string network, and the accessions all rely on the ribo-
nucleosome compartment (GO:1990904) and the cytoplasmic stress granules (GO:0010494).
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Figure 1. Bystander secretome network. Protein–protein interaction network constructed with
protein accession from the list of 40 modulated proteins (24 up-regulated and 16 down-regulated) in
the medium-conditioned/secretomic analysis. The network was constructed on STRING database.

2.2. Quantification of 8-oxoG in the Conditioned Medium of Low Doses Irradiated Chondrosarcoma
Cells

To further study the potential impact of oxidative stress on irradiated cells and their
corresponding conditioned medium, a quantification of 8-OXO dG was performed in the
conditioned media of SW1353 cells irradiated at different doses (Figure 2). A significant
increase in 8-OXO dG concentration was observed in the conditioned media of samples
irradiated with 0.1 Gy when compared with non-irradiated samples. The tendency of these
8-OXO dG concentration showed a maximum with 0.1 Gy (about 1.4 ng/mL) and then a
decrease with doses of 0.2 and 0.5 Gy to reach the basal level observed with non-irradiated
samples (about 0.8 ng/mL).

Figure 2. Quantification of 8-oxo-dG in the conditioned medium of chondrosarcoma cells irradiated
with different doses of X-rays. (* = p < 0.05).

5
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2.3. Whole-Cell Proteome Variations of Chondrocytes in Responses to the Conditioned Medium of
Low Doses Irradiated Chondrosarcoma Cells

Quantitative changes in proteins were analyzed by comparing the proteomic map
of bystander chondrocytes receiving the conditioned medium of low-dose irradiated
chondrosarcoma cells or non-irradiated chondrosarcoma cells (control). A total of 1085
proteins were detected on silver-stained 2D-PAGE gels performed with 250 µg proteins per
gel. To analyze the bystander-responsive proteins, significant differences in spot volume
(from 25% variation) between control and “treated” samples were assessed and protein
spots displaying significant up- or down-expression were regarded as candidates and
submitted to MS analysis for identification after trypsin proteolysis.

On the whole, 18 spots, representing 1.6% of all spots on the experiment (Figure 3),
showed significant variations (p < 0.05); green spots and red spots were over-expressed
and under-expressed in the bystander condition, respectively (i.e., cells receiving medium
from 0.1 Gy irradiated chondrosarcoma cells). Following a mass spectrometry analysis,
9 proteins were identified as increased (green) and 11 proteins were identified as decreased
(red) in the treated sample compared to the control condition (Table 2). Proteins involved
in cell-junction and adhesion (Actin, Desmoplakin) as well as cell migration (Microtube-
associated protein RP, Tropomyosin alpha-1 chain, CAP-G protein) were identified and
differentially modulated. In addition, several proteins participating in protein secretion
and an interleukin signaling pathway (cyclophilin A, PSME1, 60S acidic ribosomal pro-
tein P0, Hspa9, 26S proteasome regulatory subunit 7) were observed too. It was also
interesting to notice the implication of thioredoxin (involved in cell redox homeostasis;
27% increased) and several proteins related to exosome formation (Keratin type II and
eukaryotic translation initiation factor 3 subunit I).

Figure 3. Proteome changes following bystander effect. Whole cell extracts from T/C-28A2 bystander
cells receiving the conditioned medium of (1) low-dose irradiated chondrosarcoma cells or (2) non-
irradiated chondrosarcoma cells were analyzed and compared by 2DE. One representative gel of (1)
is shown. A total of 250 micrograms proteins were separated using 18-cm pH 4-7 pI range strips
for the first dimension, and 12% acrylamide gels for the second dimension. Differentially expressed
spots were delineated either in green (induced in (1) cells) or in red (repressed in (1) cells).
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Table 2. List of 20 modulated proteins in the proteome of bystander cells receiving the conditioned medium of low-dose
irradiated chondrosarcoma cells, as compared with bystander cells receiving the conditioned medium non-irradiated
chondrosarcoma cells.

Spot
Num-

ber
Fold pI * MW * Accession Names HighestMean GO—Biological Process

16 1.31 4.79 20 P60709 Actin Bystander 0.1 Gy Cell junction assembly

39 1.62 6.69 26 P62937 Cyclophilin A Bystander 0.1 Gy

positive regulation of protein
secretion;

interleukin-12-mediated
signaling pathway

85 1.38 5.11 63 Q15691 Microtubule-associated
protein RP Bystander 0.1 Gy cell migration

93 1.31 5.99 57 Q06323 PSME1 Bystander 0.1 Gy

interleukin-1-mediated signaling
pathway; tumor necrosis
factor-mediated signaling

pathway

116 1.27 4.87 23 P15924 Desmoplakin Bystander 0.1 Gy adherent junction organization;
cell-cell adhesion

116 P10599 Thioredoxin cell redox homeostasis;

126 1.63 4.67 56 P09493 Tropomyosin alpha-1 chain Bystander 0.1 Gy negative regulation of cell
migration

138 1.98 4.18 145 P04264 Keratin, type II Bystander 0.1 Gy Extracellular exosome

145 1.47 4.67 98 Q9BTY7 Protein HGH1 homolog Bystander 0.1 Gy

unknown (interact with
Peptidyl-prolyl cis-trans

isomerase and Heat shock
protein 90)

65 1.81 5.86 72 P06733 Alpha-enolase Bystander 0 Gy negative regulation of cell growth

65 P05388 60S acidic ribosomal protein
P0

interleukin-12-mediated
signaling pathway

77 1.56 5.79 130 P01876 IGHA1 protein Bystander 0 Gy Extracellular exosome

91 1.29 5.63 140 P11142 HSC 70 protein Bystander 0 Gy cytokine-mediated signaling
pathway

97 1.32 5.64 141 P38646 Hspa9 Bystander 0 Gy interleukin-12-mediated
signaling pathway

113 1.27 6.25 79 P40121 CAP-G protein Bystander 0 Gy Protein motility

121 1.47 6.15 94 P35998 26S proteasome regulatory
subunit 7 Bystander 0 Gy interleukin-1-mediated signaling

pathway

123 1.31 6.56 136 P49368 T-complex protein 1 subunit
gamma Bystander 0 Gy Extracellular exosome

127 1.31 4.91 87 P60709 Actin Bystander 0 Gy Cell junction assembly

128 1.36 5.03 87 Q16186 Proteasomal ubiquitin
receptor ADRM1 Bystander 0 Gy Proteasome complex

134 1.26 5.68 73 Q13347 Eukaryotic translation
initiation factor 3 subunit I Bystander 0 Gy Extracellular exosome

*: pI (iso-electric point) and MW (kDa) according to the 2D gel location. There were 9 up-regulated (highest mean with Bystander 0.1 Gy)
and 11 down-regulated (highest mean with Bystander 0 Gy).

Using this list of altered proteins (Table 2), we analyzed the corresponding accessions
according to potential interaction networks with a STRING functional enrichment analysis
(Figure 4), as previously performed in the case of the secretomic analysis. Again, a dense
cluster with several accessions linked together many times (PPIA, TXN, HSPA9, ENO1,
HSPA8, RPLP0, CCT3) could be observed. According to this analysis, several accessions
associated with interleukin signaling pathways and extracellular exosomes were observed
(Table 2).

Figure 4. Bystander whole-cell proteome network. Protein–protein interaction network constructed
with protein accession from the list of 20 modulated proteins (9 up-regulated and 11 down-regulated)
in the bystander proteomic analysis. The network was constructed on STRING database.
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2.4. Quantification and Validation of Proteomic Biomarkers

To validate the results of the 2D-gel analysis, the abundances of several proteins
were assayed with specific antibodies using protein extracts from samples already used
in 2D-GELs selected on the basis of biological functions and fold changes. An equivalent
amount of proteins from each sample were loaded, and loading controls (alpha-tubulin and
GAPDH) were used in addition. As shown in Figure 5, the expression levels for cyclophilin
A, thioredoxin, alpha-enolase, RPLP0, HSC70, HSPA9, and CCT3 were analyzed and
quantified by western blotting. The seven proteins displayed a coherent modulation when
compared with the 2D-gel proteomic analysis. As an example, in the case of cyclophilin
A, a fold change of +1.62 (+62%) was observed by 2D-gel analysis, and an increase of
+37% was observed by western blotting when comparing the bystander chondrocytes
receiving the conditioned medium of chondrosarcoma cells irradiated at 0.1 Gy with the
non-irradiated chondrosarcoma cells (Supplementary Materials). Two proteins (cyclophilin
A and thioredoxin) were observed as increased in the condition “0.1 Gy” by western blotting
analysis; and five proteins (alpha-enolase, RPLP0, HSC70, HSPA9 and CCT3) were observed
as decreased in the condition “0.1 Gy” by western blotting analysis. These proteins appear
as good biomarker candidates involved in the cellular response in bystander cells.

Figure 5. Western blotting analysis of cyclophilin A, thioredoxin, alpha-enolase, RPLP0, HSC70,
HSPA9, and CCT3 in a whole-cell extracts from T/C-28A2 bystander cells receiving the conditioned
medium of low-dose irradiated chondrosarcoma cells (0.1 Gy) or non-irradiated chondrosarcoma
cells (CTR).

2.5. Chondrocyte Motility in Extracellular Matrix Affected by Exogenous Stresses

When taken at 24 h, no difference can be observed on chondrocytes between the
conditioned medium of control and 0.1 Gy irradiated chondrosarcoma (Figure 6). On the
contrary, when taken at 6 h, a significant difference was observed between the conditioned
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medium of control and 0.1 Gy irradiated chondrosarcoma. Indeed, chondrocyte motility
significantly increased from the time points 5 h to 13 h using the conditioned medium of
chondrosarcoma irradiated with 0.1 Gy.

Figure 6. The conditioned medium of low-dose irradiated chondrosarcoma cells transiently increased
the motility of T/C-28A2 bystander cells. Wound-healing assay showed the ability of cell migration
in each group at 6 h (top) and 24 h (bottom) of contact with the conditioned media. (* = p < 0.05).

3. Discussion

The aim of the present proteomic work was to highlight: (i) potential new effectors
in the radiation-induced bystander effect, using a comparative secretomic analysis of con-
ditioned media, and (ii) the corresponding cellular response in bystander cells, using a
comparative gel-based proteomic analysis of bystander cells. This double strategy is perti-
nent for applications required without a priori analysis of different cellular compartments,
within the same cellular system [5].

A highly enriched compartment, in relation with stress granules (SGs), was observed
following our secretomic analysis. Stress granules are described to be non-membrane
bound cytoplasmic entities, and are formed following a cellular stress to minimize damages
and promote cell survival. Many membrane-less organelles exist within the cell cytosol
such as SGs and P-bodies. These organelle forms are commonly referred to as bio molecular
condensates [14]. The formation of SGs has been suggested to regulate gene expression
during stress. These assemblies sequester specific proteins and RNAs during stress, thereby
providing a layer of post-transcriptional gene adaptation with the potential to affect directly
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mRNA levels, protein translation, and cell survival [15]. In addition to mRNA, SGs mainly
contain 40S ribosomal subunits, translation initiation factors such as eIF4G, and RNA-
binding proteins (RBPs) [16]. Different cellular stresses can promote SGs formation, such as
endogenous stress (hypoxia, low nutrients) and environmental stressors (genotoxic drugs,
heat shock, oxidants, or radiations) [17,18]. Exposure of cells to low doses of UVC induces
the formation of SGs [19]; according to this study, cells were blocked in G1 phase of the
cell cycle in order to repair DNA damages induced by UVC irradiation, simultaneously
to the accumulation of the SGs in the cytoplasm. Such significant enrichment of stress
granule proteins in the conditioned medium of chondrosarcoma cells irradiated with 0.1 Gy
of X-rays is completely unexpected for several reasons: (i) SGs were never described to
participate to any intercellular communication, nor bystander effects, (ii) SGs were not
described to be secreted by cells, specifically (as cell cytokines) or non-specifically (in cell
cargo, such as exosomes, or after cell death), (iii) SGs were not described to display any
biological activity with the capacity to transmit a cellular stress to other cells, until now,
these biomolecular condensates were supposed to act as a protective structure of protein
translation machinery [14]. For all these reasons, it is mandatory to take this result carefully,
and not to give definitive conclusions before any additional experiments performed with
other cell lines.

In addition to SGs-related proteins, several other protein groups were observed with a
significant enrichment in the conditioned medium of chondrosarcoma cells irradiated with
0.1 Gy. Several proteins already observed in exosomes were identified (glyoxalase domain-
containing protein 4, uncharacterized protein HSPD1, omega-amidase NIT2, S-methyl-5’-
thioadenosine phosphorylase, and rRNA 2’-O-methyltransferase fibrillarin). Such proteins,
without any direct biological links between them, could be involved in exosome traffic,
thus reinforcing the potential role of exosomes in radiation-induced bystander effects. The
lack of knowledge regarding several proteins such as HSPD1 highlights the difficulty to
understand and characterize such a complex multi-parameter effect and calls for new
experiments aimed at deciphering their functions.

In addition to these unknown potential bystander effectors, several well-known
cellular pathways were also observed. Proteins related to oxidative stress were also
observed in the conditioned medium of chondrosarcoma cells irradiated with 0.1 Gy. The
mitochondrial acetyl-CoA acetyltransferase was observed amongst the most increased
protein abundances (in position two in our list), with a four times fold increase as compared
with the conditioned medium of non-irradiated chondrosarcoma cells (Table 1). This
enzyme is involved in the acetyl-CoA biosynthetic process (GO:0006085) and exerts a
central function in the last step of the mitochondrial beta-oxidation pathway, an aerobic
process breaking down fatty acids into acetyl-CoA [20]. Its activity is reversible and it can
also catalyze the condensation of two acetyl-CoA molecules into aceto-acetyl-CoA [21].

Moreover, the transmembrane protein 189 increased by 3.33 times as compared with
the conditioned medium of non-irradiated chondrosarcoma cells. This accession, also
named “Plasmanylethanolamine desaturase”, is involved in plasmalogen biogenesis in
the endoplasmic reticulum, and is involved in antioxidative (GO:0055114) and signaling
mechanisms [22]. An increase in the Profilin 2 protein level with a 2.88 factor was observed.
This protein involved in the structure of the cytoskeleton could act as a negative regulator
of epithelial cell migration (GO:0010633), as described previously [23]. The reticulocalbin-3
protein (increased 1.64 times) can induce similar effects on cell motility [24]; this protein
chaperone exerts an anti-fibrotic activity by negatively regulating the secretion of type I
and type III collagens (GO:0032964).

The E3 ubiquitin-protein ligase RBBP6, a protein related to DNA damages, was
also observed in the conditioned medium of chondrosarcoma cells irradiated with 0.1 Gy
(GO:0006974). This protein, known as being possibly involved in assembly of the p53/TP53-
MDM2 complex, results in an increase in MDM2-mediated ubiquitination and degradation
of p53/TP53 [25,26], perhaps leading to both apoptosis and cell growth (by similarity)
playing a role in the transmission of the radiation-induced bystander effect.
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We already observed a bystander cellular response in chondrocyte receiving the
conditioned medium of chondrosarcoma cells irradiated with 0.1 Gy of X-rays [12], with a
reduction in cell survival and an induction of micronuclei. In order to gain insights into
the cell mechanisms and the pathways involved in this bystander response, we analyzed
the proteome of the cells using a gel-based proteomic strategy.

While shotgun proteomics may give access to a large list of proteins, 2D-gel-based
proteomics allows for the identification of matured proteins, such as the proteolytic cleavage
of polypeptide chains or post-translational modifications. Thus, this approach is valuable
to assess stress-induced modifications, as already demonstrated by several authors [10,11].

Our findings include the accession identified as cyclophilin A (PPIA = P62937), which
is described to be positively regulated with protein secretion and involved in the interleukin
12 (IL-12) signaling pathway. We previously observed this accession as increased in the
conditioned medium from irradiated breast cancer cells [27]. IL-12 was defined as a
cytokine post-translationally regulated and potentially implicated in the radio-induced
apoptotic response in mammary tumor cells. IL-12, observed as increased in bystander cells,
could be involved in the propagation of the bystander effect throughout non-irradiated
cells.

The accession identified as thioredoxin (TXN = P10599), which is described to be
involved in the cell redox homeostasis, was found to have increased in bystander cells
according to both the proteomic results and the western blot validation. This factor is
believed to contribute to the regulation of transcription factors mediating cellular responses
to environmental stress, including radiation [28]. In addition, we observed an increase in
8-oxo-dG in the conditioned medium of low-dose irradiated cells, a nucleotide released by
the cells when it is oxidized, which is proof of the presence of oxidative stress. These two
mechanisms could be linked in a global oxidative stress response, transmitted to bystander
cells, and involved in the cellular response to the bystander effect.

Moreover, besides the identified oxidative stress response, a potential change of
cellular motility and migration was observed using a wound healing test on non-irradiated
cells receiving the conditioned media of irradiated cells. The bystander cells displayed
an increased motility (Figure 5), which could be linked with a decrease in alpha-enolase
expression. The nuclear form of the protein was previously identified as Myc-binding
protein-1 (MBP1); this form plays a role in the negative regulation of cell growth [29].
Consequently, a decrease in MBP1 could induce an increase in cell motility and migration,
at least transitively, as observed in this study after 6 h.

Finally, although SGs were significantly observed as enriched according to our secre-
tomic analysis, no SG-related proteins were observed as modulated in the proteome of
bystander cells. One explanation could be that both strategies do not analyze the same cell
compartment, i.e., the conditioned medium with the secretomic analysis and the cellular
proteome with the proteomic analysis. A second explanation is linked with the biochemical
capacities of both strategies: with the secretomic analysis, a gel-free mass spectrometry
analysis is performed, allowing for low-abundance and hydrophobic proteins/peptides;
on the other hand, with the proteomic analysis, only abundant and soluble proteins can
be observed. If SGs are involved in the bystander effects, they can be secreted in the
conditioned medium, as observed with our secretomic analysis, but maybe a low amount
is able to induce a bystander effect on the non-irradiated cells, which cannot be visualized
with our proteomic study.

4. Conclusions

Overall, the proteomic analysis underlines the modulation of the abundance of several
bystander-related proteins; modulation that was confirmed by western blot and their
physiological effects revealed by functional techniques in some instances. The stress
granules related to oxidative stress-coping mechanisms were identified for the first time
as potential attractive biomarkers of RIBE in the conditioned medium of irradiated cells.
The next step of this analysis would be a deep analysis of the role of stress granules in
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bystander effect transmission, using, for example, cellular models with defects in the
stress granules formation processes. In addition, several proteins involved in intercellular
signaling, oxidative stress response, and cell motility were also determined in bystander
cells in response to such conditioned medium. The results obtained strengthen our previous
results concerning the factors involved in the radiation-induced bystander effect at low
doses of irradiation, including interleukin.

Taken together, the findings of this study pinpointed the complexity of the mechanisms
involved in the radiation-induced bystander effect and the power of a proteomic analysis
to bring into light new biomarker candidates of this phenomenon [5].

5. Methods

5.1. Cell Culture

Two cell lines were used during this study, a chondrosarcoma cell line, SW1353 (CLS
Cell Lines Service GmbH, Eppelheim, Germany) and a chondrocyte cell line, T/C28-A2
(gift from Prof. Mary B. Goldring, Hospital for Special Surgery, Weill Medical College
of Cornell University, New York, NY, USA), as previously described [12]. These cells
were cultured in the same culture medium, minimum essential medium Eagle (MEM,
M5650, Sigma-Aldrich, Saint-Louis, MI, USA), supplemented with 5% fetal calf serum,
2 mM L-glutamine, and 1% antibiotics (penicillin–streptomycin solution, Sigma-Aldrich).
All experiments were performed in humidified atmosphere with 5% CO2 and physioxia
conditions with 2% O2 at 37 ◦C, in a Heracell™ 150i Tri-Gas incubator.

The bystander factors, secreted by chondrosarcoma cells, were first evaluated by direct
mass spectrometry analysis. The intracellular bystander response in chondrocytes was
analyzed using a gel-based strategy.

5.2. Experimental Strategy to Characterize the Bystander Effectinduced by Low Doses Irradiated
Chondrosarcoma Cells

In order to study the bystander effect between irradiated chondrosarcoma cells
(SW1353 cell line) and non-irradiated chondrocytes (T/C28-A2 cell line), we selected
a medium-transfer protocol, and we kept the same treatment strategy with all our end-
points (Figure 7). This simplified process allowed us to compare the cell responses of
non-irradiated cells, receiving the conditioned medium from irradiated cells.

X-rays irradiations were performed, as previously described [12,30], at room tempera-
ture (20 ◦C) with a tube tension of 225 kV, a copper filter, and an intensity of 1 mA corre-
sponding to a dose rate of 0.2 Gy/min on the Pxi XradSmart 225cX irradiator, dedicated to
preclinical research. The dose rate was measured inside flasks with thermoluminescent
dosimeters in the irradiation conditions. Thermoluminescent dosimeters were preliminary
calibrated on a 15-cm-thick virtual water phantom thanks to reference dose measurements
performed with a calibrated ionization chamber following the “American Association of
Physicists in Medicine protocol,” developed by the Radiation Therapy Committee Task
Group 61, for reference dosimetry of low- and medium-energy X-rays for radiotherapy and
radiobiology. The dose rate was finally corrected from the used tube current.

Immediately after irradiation with 0.1 Gy of X-rays, chondrosarcoma cells were cul-
tured with fresh medium. After the incubation period, the conditioned medium was
removed from the cells and centrifuged to discard detached cells and cell’s debris.

Then, this conditioned medium was directly analyzed (using three independent
biological replicates), or used on non-irradiated chondrocytes to study a potential bystander
effect (Figure 7).
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Figure 7. Schematic representation of experiments followed for the medium transfer protocols. Chondrosarcoma cells
(SW1353 cell line) were irradiated at confluence in T25 flasks with X-rays or sham irradiated. Immediately after irradiation,
the medium was changed with fresh new medium and incubated for 24 h. Then, the conditioned medium was centrifuged
and collected. This conditioned medium (three independent biological replicates) was then analyzed for proteomic
composition (secretomic analysis by direct MS analysis) or 8-oxo-dG quantification; or transferred to non-irradiated
chondrocytes (T/C-28A2 cell line) for 24 h in T25 flasks with the same cell density. Then, cells were collected for proteomic
composition (2D gel comparison and WB validation) or woundhealing test.

5.3. Preparation of Conditioned Medium and Shotgun Proteomics Analysis

In the case of the secretome analysis, just before irradiation with X-rays, the complete
medium was removed from the flasks and the cell monolayer was extensively washed
with PBS. This step was mandatory to reduce the presence in the conditioned medium of
bovine serum albumin that could prevent the identification of other proteins. Then, chon-
drosarcoma cells were irradiated at a low dose (0.1 Gy X-ray) with a serum-free medium.
After irradiation, the medium was changed with fresh/serum-free medium and two wash
procedures were performed for each irradiation condition and with three independent
biological replicates (12 samples). After 24 h, the conditioned medium was removed
from the flasks and analyzed by tandem mass spectrometry with technical replicates, thus
24 nanoLC-MS/MS analytical runs.

SW1353 cells were irradiated at confluence and, immediately after irradiation, the
monolayer was washed with PBS several times (5× and 10×), and then 3 mL of serum-
free medium was added. After 24 h, the conditioned medium was removed from the
flasks, centrifuged (2000× g), and stored at −80 ◦C. These experiments were performed
in triplicates. Proteins from the 12 samples (2 irradiations, 0 and 0.1 Gy, 2 washing con-
ditions, i.e., X5 and X10 times with PBS, 3 biological replicates) were first precipitated
with TCA. For this, 250 µL of trichloroacetic acid at 50% (w/v) were added to 1 mL of
conditioned medium. Precipitated proteins were collected by centrifugation for 15 min
at 16,000 g and then dissolved into 30 µL of LDS1X (Invitrogen). The samples were
heated at 99 ◦C for 5 min, briefly centrifuged, and then loaded onto a 4–12% gradient
10-well NuPAGE (Invitrogen) polyacrylamide gel. After a short electrophoresis (5 min),
the gel was stained with Coomassie blue safe staining (Invitrogen, Waltham, MA, USA)
for 5 min. The polyacrylamide bands corresponding to the whole exoproteomes were
sliced and treated with dithiothreitol and iodoacetamide, as recommended [31]. Then,
the proteins were subjected to trypsin proteolysis to generate peptides. Each peptide
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fraction was analyzed twice by nanoLC-MS/MS (analytical duplicates) in data-dependent
mode with a Q-Exactive HF (Thermo) mass spectrometer coupled with an Ultimate
3000 chromatography system (Thermo), resulting in 24 runs of high-resolution tandem
mass spectrometry. For each peptide fraction, a volume of 10 µL (out of 50 µL) was injected
on a nanoscale 500-mm C18 PepMap TM 100 (5 mm × 300 µm I.D., Thermo) column
operated, as previously described [32], except that the gradient of acetonitrile (from 4% to
40% of a solution of 80% CH3CN, 20% H20, 0.1% formic acid) was extended to 120 min
for deepening the analysis. MS spectra of peptide ions were acquired at a resolution of
60,000. Only peptide ions with 2+ or 3+ charge were selected for fragmentation according
to a Top20 method and using a dynamic exclusion of 10 sec. MS/MS spectra of fragment
ions were acquired at a resolution of 15,000.

MS/MS spectra were interpreted using the MASCOT search engine, version 2.5.1
(Matrix Science, Boston, MA, USA), with fixed carbamidomethyl modification of cysteines,
variable oxidation of methionines, and deamidation of asparagines and glutamines, a
maximum of two missed cleavages, mass tolerance of 5 ppm and 0.02 Da on parent ions
and secondary ions, respectively. Peptides with a score above the query identity threshold
(p value below 0.05) were selected and parsed with the Irma software [33]. Only proteins
with at least two different peptides were validated. The decoy search option of Mascot
was systematically activated to estimate the FDR (<1%). Abundances of the proteins were
evaluated based on their spectral counts.

5.4. Determination of Extracellular 8-oxo-dG in the Conditioned Media

The media were thawed and 1 mL of each sample was used for the determination of
8-oxo-dG using an ELISA-based method (Health Biomarkers, Stockholm, Sweden, AB).
Briefly, one ml of cell culture medium was loaded on a solid-phase-extraction column,
followed by a washing step and elution of 8-oxo-dG according to protocols provided by
the company Health Biomarker Sweden AB, as previously described [34]. The eluates were
concentrated by freeze-drying and dissolved in PBS, pH 7.4, to a volume of 1 mL and the
clean-up process was repeated once more to purify 8-oxo-dG. Then, the samples were
dissolved in PBS, pH 7.4, to a volume of 1 mL. Based on protocol from kit-provider, 90 µL
aliquots of samples were mixed with 50 µL of the primary antibody and transferred to
96-well ELISA plates coated with 8-oxo-dG. After overnight incubation at 4 ◦C, the plates
were washed 3 times by washing solution. Next, 140 µL of HRP-conjugated secondary
antibody (goat anti-mouse IgG-HRP, Scandinavian Diagnostic Services, Uppsala, Sweden)
was added to each well and incubated for 2 h at room temperature. The wells were washed
3 times with the washing solution. Then, 140 µL of tetramethylbenzidine liquid substrate
(ICN BiomedicalsInc, Costa Mesa, CA, USA) was added to each well. The samples were
incubated for 15 min at room temperature. The reaction was terminated by adding 70 µL of
2 M H3PO4 (Merck Millipore, Darmstadt, Germany). The absorbance was read at 450 nm
using an automatic ELISA plate reader. All samples were analyzed in triplicate. Standard
curves for 8-oxo-dG (from 0.05 up to 10 ng/mL) were established for each plate and the
quantity of 8-oxo-dG calculated based on the standard curve and expressed as ng/mL
medium.

5.5. Medium-Transfer Protocol from Irradiated Cells to Non-Irradiated Cells

Irradiated SW1353 cells and T/C-28a2 bystander cells were plated in T25 cm2 flasks at
confluence. As previously described [12], immediately after irradiation with X-rays, the
medium of irradiated flasks was changed with fresh medium and, after 24 h in contact with
irradiated SW1353 cells (to allow the bystander factors to be released), this medium was
collected (Figure 7). The condition medium was then centrifuged (2000 g) and transferred
in flasks of the same size (T25 cm2) containing bystander T/C-28a2 cells at confluence.
Bystander cells were kept in contact with the conditioned medium for 24 h and then
harvested. The cell pellet was washed with PBS and the dry pellet was kept at 80 ◦C, until
protein extraction.
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5.6. Gel-Based Proteomic Study of Bystander Chondrocytes

5.6.1. Chemicals

TRIS base, urea, thiourea, CHAPS, iodoacetamide, TEMED, low-melt agarose, Triton
X-100, spermine, phosphatase inhibitor cocktail, and bromophenol blue were obtained
from Sigma-Aldrich (St. Louis, MO, USA). The protease inhibitor cocktail (Complete Mini
EDTA-free) was from Roche Diagnostics (Mannheim, Germany); IPG buffers, IPG strips
(pH 4-7) were purchased from VWR (acrylamide was obtained from Bio-Rad (Hercules,
CA, USA); and SDS, glycerol, DTT, and TGS 10X were from Eudomedex (Mundolshein,
France). All other reagents were of analytical grade.

5.6.2. Protein Extraction and Solubilisation

Proteins were extracted from TC-28/Ac cells (dry pellet) in a sample buffer containing
7 M urea, 2 M thiourea, 4% CHAPS, 0.05% Triton X100, 65 mM DTT, 40 mM spermine,
protease, and phosphatase inhibitor cocktails. This suspension was centrifuged at 28,000 g
for 60 min, supernatants were collected, and the protein content was estimated using
the Bradford method [35]. Proteins were then precipitated using the 2D clean-up kit (GE
Healthcare, Chicago, IL, USA) and the pellet was solubilized with TUC solution (7M urea,
2M thiourea, 4% CHAPS) and quantified with the 2D quant kit (GE Healthcare).

5.6.3. Strip Rehydration with Protein Samples: “Sample In-Gel Rehydration”

A protein sample (250 µg) was mixed with rehydration buffer (RB): 7M urea, 2M
thiourea, 4% CHAPS, 0.05% triton X100, 0.5% ampholytes (IPG buffer 4–7 GE) and adjusted
to the correct volume to rehydrate 18 cm strip (here, 320 µL). Strips were then placed
acrylamide face down in the focusing tray equipped with platinum electrode embedded
into the running tray (Protean IEF, Bio-Rad, Hercules, CA, USA) and passively re hydrated
at 20◦C without electricity for 16 h, and then actively rehydrated at 50 V during 9 h, as
previously described [27,35,36]. During protein focalization, small electrode wicks were
placed between acrylamide and electrode. These paper wicks (Ref 1654071, Electrode wicks,
Bio-Rad, Hercules, CA, USA) were, in advance, soaked with water in order to absorb salts
and other contaminant species during active rehydration. The IPG strips were then focused
according to the following program: 500 V for 1 h, a linear ramp to 1000 V for 1 h, a linear
ramp to 10000 V for 33 KV-1 h, and finally 10000 V for 24 KV-1 h.

5.6.4. IPG Strips Equilibration and Second Dimension

The strips were incubated in the first equilibration solution (50 mM Tris–HCl pH 8.8,
6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS) with 130 mM DTT, and then in the second
equilibration solution (50 mM Tris-HCl pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% (w/v)
SDS) with 130 mM iodoacetamide.

Strips were then embedded using 1% (w/v) low-melt agarose on the top of the acry-
lamide gel and trapped using plastic blockers, as described previously [35]. SDS-PAGE was
carried out on a 12% acrylamide gel, using the Dodeca Cell electrophoresis unit (Bio-Rad,
Hercules, CA, USA).

5.6.5. Gel Staining and Picture Acquisition

Gels were stained with silver nitrate, as previously described, with some modifications.
Briefly, gels were first fixed at least 1 h with 30% ethanol and 5% acetic acid; washed 3 times
10 min with water; sensibilized 1 min with 0.02% sodium thiosulfate; washed 2 min with
water; stained 30 min with 0.2% silver nitrate and 0.011% formaldehyde; washed 10 s with
water; developed 5 min with 85 mM sodium carbonate, 0.00125% sodium thiosulfate and
0.011% formaldehyde; stopped with 0.33 M TRIS and 1.7% acetic acid; and stored with 5%
acetic acid with 2% DMSO [37].

Gels were scanned to images right after staining to limit the polychromatic color of
spots. Images were acquired with a GS 800 densitometer (Bio-Rad, Hercules, CA, USA).
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5.6.6. Image Analysis

Images from stained gels were analyzed using the Samespots software v4.5 (Non-
linear Dynamics, UK). Gels were grouped to create a global analysis with all conditions.
Spots of each samples were compared between conditions, and spots were numbered with
the same detection parameters, as previously described [35]. A multivariate statistical
analysis was performed using the statistic mode of the Samespots software (Non-linear Dy-
namics, UK). Spots with significant differences (modulation of +/−20% and ANOVA t-test
p < 0.05) were chosen. Spots of interest were selected for subsequent protein identification
by mass spectrometry analysis and were picked up using the corresponding preparative
silver stained gels.

5.6.7. Mass Spectrometry Analysis of 2D-Spots

Gel spots 2D were manually cut and prepared, as previously described [38]. The
LC-MS/MS experiments were performed using a U3000 NCS nano-high-performance
liquid chromatography (Thermo Fisher Scientific Inc, Waltham, MA, USA) system and
a Q-Exactive Plus Orbitrap mass spectrometer. Next, 6 µL of peptides were loaded onto
a pre-column (Thermo Scientific PepMap 100 C18, 5 µm particle size, 100 Å pore size,
300 µm i.d. × 5 mm length) from the Ultimate 3000 autosampler with 0.05% TFA for
3 min at a flow rate of 10 µL/min. Separation of peptides was performed by reverse-phase
chromatography at a flow rate of 300 nL/min on a Thermo Scientific reverse-phase nano
column (Thermo Scientific PepMap C18, 2 µm particle size, 100 Å pore size, 75 µm i.d. x
50 cm length). After the 3 min period, the column valve was switched to allow elution of
peptides from the pre-column onto the analytical column. Solvent A was water + 0.1% FA
and solvent B was 80% ACN, 20% water + 0.1% FA. The linear gradient employed was
4–40% of solvent B in 19 min, then 40–90% of solvent B from 19 to 20 min. The total run time
was 35 min including a high organic wash step and re-equilibration step. The nanoHPLC
and the spectrometer were coupled by nano-electrospray source. Peptides were transferred
to the gaseous phase with positive ion electrospray ionization at 1.7 kV. Mass spectrometry
data was processed using the Proteome Discoverer software (Version 1.4.0.288, Thermo
Fisher Scientific, Bremen, Germany) and the search engine employed in local was Mascot
(version.2.4, Matrix Science, Boston, MA, USA). The mass spectrometry data was searched
against SwissProt with taxonomy Homo sapiens (20215) with the following parameters:
trypsin as enzyme, 1 missed cleavage allowed, and carbamidomethylation of Cystein
were used as fixed modifications, and N-terminal acetylation, deamidation of asparagine
and glutamine, Nterminal-pyroglutamylation of glutamine and glutamate, oxidation of
methionine were used as variable modifications. Mass tolerance was set to 10 ppm on full
scans and 0.02 Da for fragment ions. Proteins were validated once they contained at least
two peptides with a p-value < 0.05) and a false discovery rate <1%.

5.7. Western Blotting Analysis

Chondrosarcoma cells (SW1353) were irradiated with a 0.1 Gy dose using the XS-
TRAHL XRC 160 machine of IFIN-HH, followed by a media transfer to the chondrocyte
(T/C28a2) after 24 h, as previously described [12]. At 24 h, after the media transfer, the
bystander cells (T/C-28a2) were washed with PBS. The cell pellet was resuspended with
homemade RIPA lysis buffer supplemented with protease inhibitors (Roche) and incu-
bated for 30 min on a cold rack, followed by a 15 min centrifugation at 12,000× g at room
temperature. Protein concentration was determined for all samples with a Bradford assay
(Thermo Scientific). Laemmli buffer was added to the sample and denatured at 95 ◦C
for 5 min, followed by a 1 min centrifugation at 16,000 xg. Samples were separated on
SDS-poly-acrylamide (15%) gel electrophoresis (SDS-PAGE) using a TV100 electrophoresis
unit, run at 110 V for about 1 h, followed by transfer on a PVDF membrane using a TV 100
Electroblotter, at 210 mA for 1 h and blocked with Tris-buffered saline with 0.05% Tween
20 (TBS-T) buffer with 5% milk on slow agitation for 1 h. Membranes were incubated
overnight at 4 ◦C on agitation with the following antibodies: anti-HSPA9 (MA1-91639,

16



Int. J. Mol. Sci. 2021, 22, 7957

Thermo Scientific), anti-HSC70 (PA5-24624, Thermo Scientific), anti-CCT3 (PA5-78953,
Thermo Scientific), anti-EN01 (MA5-17627, Thermo Scientific), anti-RPLP0 (PA5-89335,
Thermo Scientific), anti-cyclophilin A (39-1100, Thermo Scientific), anti-thioredoxin 1 (MA5-
14941, Thermo Scientific), anti α-Tubulin (T5168, Sigma-Aldrich) or GAPDH (sc-32233,
Santa Cruz Biotechnology), in the concentrations recommended by the manufacturer.
Membranes were than washed 3 times with TBS-T for 10 min, followed by an incubation
with specific secondary antibody conjugated with horseradish peroxidase for 2 h at room
temperature on agitation, covered from light in concentrations of 1:500 (Goat anti-Rabbit
IgG (H+L), 32460, Thermo Scientific, Waltham, MA, USA) and 1:1000 (Goat anti-Mouse
IgG (H+L) Poly-HRP, 32230, Thermo Scientific). For α-Tubulin, the primary antibody was
diluted 1:30,000 and the incubation times were shortened at 30 min. Membranes were
washed 3 times with TBS-T for 10 min and then treated with ECL reagent (Thermo Scien-
tific). Development of blots was carried out with a Biospectrum Imaging System (UVP
LLC, Upland, CA, USA) using the Vision Works LS software. Image analysis was carried
out using the Quantity One (Bio-Rad, Hercules, CA, USA) software. Both irradiated and
sham control data were expressed, normalizing the intensity of the protein of interest to
the corresponding α-Tubulin or GAPDH band for each sample. Samples were analyzed in
triplicates (Sup data WB blots).

5.8. Wound-Healing Assay (IncuCyte® Live-Cell Analysis Systems)

In order to further study the impact of the conditioned medium on chondrocyte
motility, a wound-healing test was performed on chondrocytes using the conditioned
medium of chondrosarcoma cell X-rays irradiated with 0 Gy (as control) and 0.1 Gy (as
treated sample). This conditioned medium was taken from chondrosarcoma cell after 6-
and 24-h incubations. Then, chondrocytes motility was followed during 24 h in contact with
these conditioned media. A wound-healing assay was applied to evaluate cell migration
ability. Next, 1.5× 104 T/C28a2 cells/well were seeded in 96-well IncuCyte® ImageLock
Plates in media. Cells were seeded at a density of 70 to 80%. After 24 h, cells were scratched
by IncuCyte® WoundMaker to build an artificial wound. Afterwards, the media was
removed, cells were washed two times with PBS, and conditioned media were added on
cells. Cells were cultured at 37 ◦C and 5% CO2 and monitored using an IncuCyte® S3
(Sartorius). The migrating distance was measured for 24 h. Data were analyzed by the Cell
Migration Analysis software module (Sartorius).

5.9. Statistical Analyses

Secretome statistical analysis. Spectral counts for each condition and each protein were
normalized as recommended [39]. Abundances of the proteins, based on their normal-
ized spectral counts, were compared according to the PatternLab Tfold comparison [40].
Only proteins with statistical significance (p value below 0.05) and with a Tfold increase
or decrease in at least 50% compared to control were considered as differentially abundant.
Two-dimensional-gels statistical analysis. Statistical analyzes were carried out following
3 independent experiments, using the t-test function of the Progenesis SameSpots software.
Datasets were considered as significantly different when p < 0.05 (*). 8-oxo-dG statistical
analysis. Statistical analyzes were carried out following 3 independent experiments, using the
t-test function of the Excel Software in order to compare the 0 Gy condition to every other
condition. Datasets were considered as significantly different when p < 0.05 (*). Western
blotting statistical analysis. Statistical analyzes were carried out following 4 independent
experiments, each made at least in 4 replicates, using the t-test function (= t-test) of the Excel
Software in order to compare the 0 and 0.1 Gy condition, after normalization of the 0 Gy
condition. Datasets were considered as significantly different when p < 0.05 (*). IncuCyte
wound-healing migration test statistical analysis. Statistical analyzes were carried out follow-
ing 2 independent experiments, each made at least in triplicats, using the t-test function (=
t-test) of the Excel Software in order to compare each time point of 0 and 0.1 Gy condition.
Datasets were considered as significantly different when p < 0.05 (*).
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5.10. Mass Spectrometry Data

The mass spectrometry proteomics data were deposited to the ProteomeXchange
Consortium via the PRIDE [41] partner repository with the dataset identifier PXD024953
and project doi:10.6019/PXD024953 in the case of secretome and PXD025187 in the case of
proteome analyses.

In the case of secretome analysis, the reviewers may access this private dataset using
reviewer_pxd024953@ebi.ac.uk as Username and iotcSWYp as Password.

In the case of proteome analysis, the reviewers may access this private dataset using
reviewer_pxd025187@ebi.ac.uk as Username and imUEHlnL as Password. These data will
be automatically accessible after publication.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22157957/s1.
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Abstract: The Health Effects of Cardiac Fluoroscopy and Modern Radiotherapy (photon and proton)
in Pediatrics (HARMONIC) is a five-year project funded by the European Commission that aimed to
improve the understanding of the long-term ionizing radiation (IR) risks for pediatric patients. In this
paper, we provide a detailed overview of the rationale, design, and methods for the biological aspect
of the project with objectives to provide a mechanistic understanding of the molecular pathways
involved in the IR response and to identify potential predictive biomarkers of individual response
involved in long-term health risks. Biological samples will be collected at three time points: before
the first exposure, at the end of the exposure, and one year after the exposure. The average whole-
body dose, the dose to the target organ, and the dose to some important out-of-field organs will
be estimated. State-of-the-art analytical methods will be used to assess the levels of a set of known
biomarkers and also explore high-resolution approaches of proteomics and miRNA transcriptomes to
provide an integrated assessment. By using bioinformatics and systems biology, biological pathways
and novel pathways involved in the response to IR exposure will be deciphered.
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1. Introduction

The use of ionizing radiation (IR) in medicine represents significant benefits for the
medical care of patients. Indeed, IR remains one of the major therapeutic options for
cancer treatment [1]. IR is also used for diagnostic and therapeutic imaging, particularly
for pediatric patients with congenital or acquired heart disease, who may receive one or
more cardiac catheterization procedures as part of their management [2–4]. While benefits
for the patients largely outweigh the risk, the potential adverse health effects of exposure
to IR are particularly important to be explored in populations of young patients who are
more radiosensitive and, nowadays, survive their disease for decades [3,4].

IR is a well-known risk factor for cancer induction, and recent studies support the
existence of an excess cancer risk, even at low doses of radiation [5]. Children are especially
vulnerable to the oncogenic effects of IR. Moreover, the oncogenic effects of IR require
a long latent period (from years to decades) that varies with the type of malignancy;
therefore, an infant or child has a longer lifetime risk for developing radiation-induced
cancers than an adult. Radiation-induced second malignancies are one of the most serious
adverse effects following radiotherapy of primary cancers in childhood cancer [6]. Typically,
radiation-induced malignancies develop in normal tissue within radiotherapy fields with
a latency period of 5–10 years for hematologic malignancies and 10–60 years for solid
tumors [6]. Many clinical studies reported an increased risk for second primary cancer,
histopathologically different from the first tumor, in organs inside as well as outside the
primary beam [6]. Interestingly, it was reported that leukemias and carcinomas are more
often seen in organs receiving low-dose radiation (out-of-field dose), whereas sarcomas
are more common in tissues or organ receiving high-dose radiation (in-field doses) [7].
However, the exact mechanism and dose–response relationship for radiation-induced
malignancy, for both in-field and out-of-field doses, are not well understood; thus, it is
necessary to investigate how radiotherapy, photons, and protons impact carcinogenic risk
in childhood cancer management [7]. For instance, the therapeutic use of proton beams has
the potential to provide a better depth–dose profile and remarkable reduction in the dose to
the adjacent normal tissues compared with photon beams [7]. Additionally, there is growing
evidence supporting an increased risk for late adverse non-cancer conditions [8], including
cardiac and vascular effects. Thus, late adverse effects of radiotherapy have been observed
on large vessels, causing cerebrovascular [9,10] and cardiovascular [11,12] diseases.

Nowadays, there is also evidence for a significant elevation of cancer risk in patients
with acquired as well as congenital heart diseases (CHD) in response to repeated radiologi-
cal exposures [13,14]. However, more data are needed to better define the “malignant price
of cardiac care” [15].

The risk estimates of long-term health effects of low doses of IR (cancer and non-cancer)
are still incomplete, particularly for pediatric patients. Large patient cohorts, extended
follow-up, validated clinical data, and reliable dosimetry for the cohorts are needed to
address this challenge. The integration of epidemiological and biological research through
panels of biomarkers, together with a mechanistic understanding of the cellular responses
to a particular dose and radiation quality, will provide powerful means to improve risk
estimates, leading to a better quantification of the magnitude of risks associated with
low-dose exposures, e.g., for out-of-field organs.

The Health Effects of Cardiac Fluoroscopy and Modern Radiotherapy in Pediatrics
(HARMONIC) is a five-year project funded by the European Commission to improve under-
standing of the long-term health risks from medical ionizing radiation exposure in children
and young patients (https://harmonicproject.eu/, accessed on 4 March 2023). The HAR-
MONIC project uses an integrated approach of conventional epidemiology complemented
by non-invasive imaging and molecular epidemiology to assess cancer and non-cancer out-
comes in pediatric patients treated with modern radiotherapy techniques (such as proton
therapy) for cancer and X-ray-guided interventional catheterization procedures for CHD.
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The purpose of the manuscript is to describe the bioanalytical research goals of the
HARMONIC project, the rationale, and the study design, including the enrolment, end-
points, and expected results of the study.

The general objective of the bioanalytical studies of the HARMONIC project is to
provide a mechanistic understanding of the molecular pathways and the cellular responses
that are triggered by the medical applications of IR in pediatric patients.

A mechanistic understanding, together with the identification of biomarkers for in-
dividuals at increased risk to develop adverse health effects, has the potential to increase
the power of epidemiological studies regarding health effects caused by IR [16–18]. Such
biomarkers may be useful in identifying susceptible individuals who are more vulnerable
to radiation damage for whom individualized treatment can be considered (by radiation
sparing policy or attempts to pharmacologic or dietary radioprotection).

The specific aims are to:

- identify radiation-induced biochemical responses in blood and saliva from pediatric
patients exposed to medical IR;

- evaluate dose–response relationships for different radiation qualities and delivery
techniques with regards to specific biochemical responses;

- search for pre-existing biomarkers of radiation sensitivity and health effects that may
be useful for molecular epidemiological studies to identify patients with a potential
higher risk of radiation-induced adverse health effects.

2. Experimental Design

The HARMONIC biological study is a prospective observational study which aims to
investigate the biological changes induced by ionizing radiation exposure at various time
points before and after exposure. It will focus on specific molecular biomarkers reported as
‘early signs’ of biological damage and long-term health effects. These include biomarkers of
oxidative stress (8-hydroxy-2′-deoxyguanosine) [19–21], protein markers of inflammation
(PTX3, IL-6, IL-10, TNF-α, NF-kB, MCP-1, etc.) [22,23], and genetic markers (telomere
shortening and mtDNA copy numbers) [24–29].

To decipher significant intracellular pathways and novel potential biomarkers in-
volved in response to the radiation regimes applied, four different approaches will be used:
multiplexed protein profiling assays on blood plasma [30], reverse-phase protein array
(RPPA) on proteins isolated from peripheral blood mononuclear cells [31], miRNA tran-
scriptome on whole blood and saliva [32], and liquid chromatography–mass spectrometry
(LC–MS) on saliva.

Finally, we will develop and implement new bioinformatic models to integrate the
collected biological, clinical, and dosimetry data. that may be used in epidemiological
and clinical approaches to identify patients at higher risk for radiation-induced adverse
health effects, not only before starting (by analyzing the sample taken before exposure), but
also after finishing the exposure (by analyzing samples taken after exposure). Biomarkers
will be studied in both blood and saliva to investigate whether saliva can be used as a
non-invasive sample to analyze biomarkers in large-scale molecular epidemiology studies.
The overall strategy of the “biology” project is presented in Figure 1.
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Figure 1. Overall strategy of the planned biological research in the HARMONIC project.

3. Material and Equipment

3.1. Study Population

This exploratory study will include 150 patients: 50 patients treated for cancer with
proton therapy, 50 patients with photon therapy, and 50 patients treated with X-ray-guided
interventional catheterization procedures for CHD. Specific inclusion and exclusion criteria
are listed in Table 1.

Table 1. Inclusion and exclusion criteria.

Radiotherapy Interventional Cardiology

Inclusion criteria

‚ Age at diagnosis ≤ 21 years
‚ Informed consent of parent/guardian as well

as child/patient
‚ Patients treated for: brain tumors (except malignant

gliomas); head and neck tumors (e.g.,
rhabdomyosarcomas and nasopharyngeal carcinoma);
Hodgkin’s lymphoma

‚ Patients receiving pulmonary and chest radiation for:
Ewing sarcoma; other chest sarcomas; lung metastasis of
Wilms and Ewing tumors; other tumors

‚ Patients receiving craniospinal radiation therapy for:
Medulloblastoma or other tumors

‚ Age of patients: 5–22 years
‚ Patients with congenital heart disease
‚ Informed consent of parent/guardian as well as

child/patient

Exclusion criteria

‚ Chromosomal abnormalities and/or genetic syndromes
‚ Absence of informed consent

Ethics approval has been already obtained in all participating centers. All eligible
patients received an information brochure and are invited to participate in the study by
the responsible physician. Informed consent is signed by the patient or his/her legal
representative before entering the study. Detailed demographic, clinical and treatment
data are retrieved by the attending physician and from the patient’s medical electronic
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record. Data protection officers (DPOs) from each organization will be involved to ensure
compliance with General Data Protection Regulations (GDPRs).

3.2. Biological Sample Collection

For radiotherapy patients, blood and saliva will be collected at three time points:
before radiotherapy; three months after the last fraction (time point for the first follow-
up); and one year after completion of the treatment. For X-ray-guided interventional
catheterization procedures, biological samples will also be collected at three time points:
before intervention; the same day after completion; and one year after completion. Figure 2
summarizes the protocol for the collection, preparation, and storage of biosamples.

Biological sample intervals 

Pre-IR exposure Post-IR exposue After 1 year

Figure 2. Study design of the Harmonic project and overview of biological sample collection.

Briefly, a maximum of 12 mL blood will be collected at each time point in three different
tubes, which are as follows:

- one BD vacutainer® CPT™ tube for the isolation of lymphocytes (~4 mL);
- one vacutainer tube containing EDTA K2 (~4 mL);
- one clot activator serum separation tube (~4 mL).

The samples will be given a unique patient identification number (pseudonymization).
Within two hours post collection, tubes with blood samples will be centrifuged according to
standard operating procedures (SOPs) prepared by the HARMONIC consortium to obtain
lymphocytes, serum, and plasma. To investigate the possible impact of pre-analytical
variables, we will record and share information on the study centers, time, and calendar
days when the samples are collected. We will also record and share the time that elapses
between the blood draw, centrifugation, and first freezing.

Regarding saliva samples, approximately 4–5 mL of saliva will be collected at each
time point in a sterile 10 mL plastic tube without any additive. Saliva samples will be
divided into two aliquots, 2 mL in each. Aliquots of biological samples from each donor
will be immediately stored at −80 ◦C (Figure 2). The type of tubes, volume, and number
of each aliquots are summarized in Figure 2. At specific time points in the project, coded
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samples will be shipped from a respective clinic on dry ice to a centralized Biobank, where
they will be stored at −80 ◦C until use.

3.3. Biological Measures

The samples will be analyzed by state-of-the-art methods to determine the levels of se-
lected biomarkers. Moreover, the samples will be examined by innovative high-throughput
approaches, including analyses of miRNA transcriptomes and proteomics [30–32]. The han-
dling and analytical procedures will follow the respective SOP procedures for all biologic
sampling, handling, shipping, and analysis.

4. Detailed Procedure

4.1. 8-Hydroxy-2′-deoxyguanosine (8-oxo-dG) and Markers of Inflammation

The levels of 8-oxo-dG in serum and saliva will be determined using an ELISA method
where the samples are essentially purified by Bond Elute columns, as previously de-
scribed [19,20]. Briefly, 800 µL blood serum or saliva will be purified using a C18 solid
phase Bond Elut extraction column. The purified samples will be freeze-dried and re-
constituted in PBS. Then, 300 µL of the purified sample will be mixed with 150 µL of
primary antibody against 8-oxo-dG and distributed in three wells of a 96-well ELISA plate
pre-coated with 8-oxo-dG and then incubated at 37 ◦C for 120 min. Secondary antibody
body will then be added followed by the staining solution in order to quantify the yield
of secondary antibodies bounded to primary antibodies in each well using a 96-well au-
tomatic ELISA plate reader. Each sample will be analyzed in triplicate. A standard curve
for 8-oxo-dG (0.05–10 ng/mL) will be established for each plate and the concentration of
8-oxo-dG in each sample will be calculated based on the standard curve.

4.2. Analysis of Telomere Length (TL) and mtDNA Copy Number (mtDNA-CN)

TL and mtDNA-CN will be measured on DNA extracted from 200 µL of biological
samples of blood and saliva samples by real-time PCR (CFX384 Touch™ Real-Time PCR
System, Bio-Rad Life Sciences) according to standardized protocols [25,26]. Briefly, TL
will be measured in genomic DNA by determining the ratio of a telomere repeat copy
number (T) to a single-copy gene (S) and copy number (T/S ratio). The relative telom-
ere length will be calculated using the following formula “T/S ratio = 2−∆∆Ct”, where
∆Ct = Ct telomere − a Ct single-copy gene. The T/S ratio reflects the average length of
the telomeres across all leukocytes. For the quantification of mtDNA-CN, the NDI1 gene
in the undeleted region for the reference sequence of mtDNA will be used as an internal
control (mtNDI1) and human ß-globin gene of genomic DNA (gDNA) will be amplified
by PCR in both gDNA and mtDNA. ∆Ct values will be calculated from the difference
between the Ct for the ß-globin gene and the Ct for the NDI1 gene and used to measure
mtDNA-CN relative to gDNA. mtDNA-CN will be calculated using the (2∆Ct) method
(∆Ct = Ct mtNDI1 − CtgDNA).

4.3. miRNA Profiling Analysis

Total RNA will be isolated from 500 µL of blood and saliva samples using a RiboPure™-
Blood Kit (ThermoFisher, Waltham, MA, USA) and a miRNeasy Serum/Plasma Kit (QIA-
GEN, Hilden, Germany), respectively, according to the manufacturer’s protocol [32]. The
expression profiling of miRNAs will be analyzed using the Illumina MiSeq platform. For
each patient, we will carry out a small RNA sequencing experiment to characterize the
different miRNA expression profiles in samples for each time point. Prepared libraries will
be run on Miseq, and miRNA identification and dysregulated expression analyses will
be performed using latest version of iMir software (https://www.labmedmolge.unisa.it/
italiano/home/imir, accessed on 5 September 2022), a fully automated workflow for the
rapid analysis of high-throughput small RNA-Seq data. Specific dysregulated miRNAs
will be further validated using qRT-PCR with sequence-specific TaqMan microRNA as-
says and a TaqMan Universal PCR Master Mix, as opposed to AmpErase UNG (Thermo
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Fisher Scientific, USA), in accordance with the manufacturer’s instructions. The miRNA
expression levels will be normalized to the U6 small nuclear RNA and calculated using
the ∆∆Ct method [32]. The target genes from differentially expressed miRNAs will be
predicted using DIANA miRPath software (microrna.gr/mirpath, accessed on 5 September
2022). Then, the targets will then be further analyzed for gene ontology (GO) function
enrichment terms (geneontology.org/, accessed on 5 September 2022), Kyoto Encyclopedia
of Genes Genomes (KEGG) pathway classification (www.genome.jp/kegg/, accessed on
5 September 2022), and Reactome pathway databases (www.reactome.org, accessed on
5 September 2022).

4.4. Plasma Protein Profiling

Briefly, from the literature, a list of 90 protein markers that have previously been
identified as potential markers of diseases related to the late effects of radiation exposure,
particularly vascular diseases and secondary cancer, will be established. Aliquots of
100 µL plasma will be used for plasma proteome analysis using Olink’s affinity proteomics
platform. The approach is based on paired antibodies, coupled to unique and partially
complementary oligonucleotides, and measured by quantitative real-time PCR. This dual-
recognition DNA-coupled method provides high specificity and sensitivity for an analysis
of at least 90 proteins in parallel [30]. We plan to analyze the 98 selected proteins in all
samples from the three cohorts. Different statistical and computational models for single
and multivariate analysis will then be used to identify the modified pathways.

4.5. Reverse-Phase Protein Arrays (RPPAs)

Reverse-phase protein arrays (RPPAs) will allow us to study protein expression levels
and the activation status of cell signaling pathways. Isolated peripheral blood mononuclear
cells (PBMCs) from blood collected into CPT tubes will be analyzed by customized RPPA
(Proteomics Unit. IBSAL. University of Salamanca). To summarize, the cells will be lysed
and the protein extract will be serially diluted with a protein lysis buffer, supplemented
with proteases and phosphatase inhibitors. Five serial dilutions/sample, ranging from 2000
to 125 µg/mL, and two technical replicates per dilution will be applied on the nitrocellulose
microarray membrane. In addition, a few spike-in proteins as RPPAs, such as negative and
positive controls, will be included.

The membranes will be incubated with primary antibodies that target proteins of
interest or without primary antibodies as negative controls. All primary antibodies for
RPPA screening have been previously tested by Western blotting to assess their specificity
and selectivity to the targeted protein. RPPA readout is a fluorescent signal correlated to the
protein expression level. Samples will be applied on membranes in three technical replicates
(spots), and the membranes will then be individually incubated with antibodies targeting
one protein of interest, followed by an incubation with a fluorescent dye. Fluorescent
signals will be acquired by a microarray scanner at high resolutions and minimal auto-
fluorescent background. The NormaCurve method will be used for data quantification and
normalization [31]. This method includes a normalization for (i) background fluorescence,
(ii) variations in the total amount of spotted protein; and (iii) spatial bias on the membranes.
The normalized values will be employed to compare the protein expression levels across
samples. Briefly, for each spot, the raw fluorescent signal of the proteins will be corrected
with the fluorescent signal of the negative control (signal obtained after incubating an array,
without the targeted protein antibody). This corrected signal will be divided by the total
amount of spotted protein, corresponding to the normalized signal. Finally, the normalized
signals of all the proteins will be scaled according to the median for further comparisons
and statistical analysis. For each sample, one value will be generated for each targeted
protein, and further statistical analysis will be considered.
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4.6. Saliva Protein Analysis

The saliva protein concentrations will be determined using a colorimetric protein
assay (BCA Protein Assay Kit, Thermo Scientific, Waltham, MA, USA). The proteomic
workflow is as follows. The iST-BCT Kit (PreOmics, Martinsried, Germany) will be used to
perform a fast, reliable, and reproducible sample preparation on all the patient samples.
Fifty microliters of saliva will be used as the starting material (the volume will be adjusted
depending on the BCA result). Saliva proteins will be precipitated with 200 µL of ethanol
at −20 ◦C overnight. Samples will then be centrifuged (at 17,000× g for 5 min at 4 ◦C) and
the supernatants will be removed. Salivary protein pellets will be re-suspended, lysed,
reduced, and alkylated in 10 min at 95 ◦C. Proteins will be digested in one hour. Generated
peptides will be cleaned before LC-MS injection. Purified tryptic digests will be separated
with a predefined 60 SPD method (21 min gradient time and 200 ng peptides) on an Evosep
One LC system (Evosep, Odense, Demmark). A fused silica 10 µm ID emitter (Bruker
Daltonics, Waltham, MA, USA) is placed inside a nanoelectrospray source (CaptiveSpray
source, Bruker Daltonics, Waltham, MA, USA). The emitter is connected to a 8 cm × 150 µm
reverse-phase column, packed with 1.5 µm C18 beads. Mobile phases will comprise water
and acetonitrile, buffered with 0.1% formic acid. The column will be heated to 40 ◦C
in an oven compartment. LC is coupled online to a TIMS Q-TOF instrument (timsTOF
Pro 2, Bruker Daltonics) with a diaPASEF acquisition method. Samples will be acquired
using a diaPASEF method, consisting of 12 cycles, including a total of 34 mass width
windows (25 Da width, from 350 to 1200 Da) with 2 mobility windows each, leaving a
total of 68 windows that cover the ion mobility range (1/K0) from 0.64 to 1.37 V s/cm2.
Saliva proteins will be quantified using a label-free DIA approach with DIA-NN software
(https://github.com/vdemichev/diann, accessed on 4 March 2023). DIA-NN version 1.8
will be used first to build an in silico predicted library from the human FASTA database
(NextProt 2022-02-25), enabling the ‘FASTA digest for library-free search/library generation’
and ‘Deep learning-based spectra’ options, as well as RTs and IMs prediction. The predicted
library will be used to analyze the diaPASEF dataset.

4.7. Radiation Doses Data

For each patient, the average whole-body dose or mean/maximum dose and non-
target organ (out-of-field organ) doses will be estimated in collaboration with physicists
responsible for dosimetry studies in the Harmonic project (https://harmonicproject.eu,
accessed on 4 May 2023). Briefly, the strategy for dose estimation will rely on Monte Carlo
simulations for CHD patients and on treatment planning systems and analytical models for
cancer patients [33]. These strategies were benchmarked against measurements on physical
phantoms and reference Monte Carlo simulations [34,35]. As we are analyzing plasma
proteins, the total dose to the blood will also be estimated and considered.

4.8. Integrative Analysis of Biological Function and Networks

Integrative data analysis of multiple sets of data types will be performed to construct
an interaction network of differentially expressed features (miRNAs and proteins) to eluci-
date the molecular mechanisms underlying the biological response to IR and to discover
new potential biomarkers. In brief, each dataset from the different independent analyses
(miRNA transcriptome sequencing and proteomics) will first be analyzed in relation to the
available clinical parameters, e.g., age, sex, diagnosis, and background diseases, to iden-
tify significantly different features between the baseline and post-IR exposure responses.
Then, the radiation-deregulated miRNAs and proteins will be analyzed by an integrative
procedure using software, such as ingenuity pathway analysis (Qiagen Bioinformatics;
Redwood City, CA, USA; www.qiagen.com/ingenuity, accessed on 5 March 2023), in order
to identify the most significantly affected pathways, their components, and associated
signaling networks.
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4.9. Sample Size and Plan for Statistical Analysis

This study is exploratory as the number of available patients is limited. With the use
of data from our previous study on leukocyte telomere length [25], priori power analysis
(Spearman’s correlation test) requires a sample size of 34 patients to achieve >80% power
(alpha = 0.05) and to detect an effect size of 0.5 (G*Power, version 3.1.9.2). We plan to
include a target population of 100 patients from each cohort, considering the feasibility
aspects of the study, the estimated level of recruitment in each participating clinical site,
and a drop-out rate of 50%, aiming for a minimum of 50 participating patients in each
cohort. Concerning the statistical plan, a database including clinical (diagnosis, different
therapies, CT and MRI images, etc.), dosimetric, and experimental data for each patient
will be created in order to perform appropriate statistical analysis. Descriptive data will be
presented as frequencies with proportions for categorical variables, and either as means
with corresponding SDs or medians with corresponding IQRs for continuous variables
depending on the distribution. Statistical tests will include Pearson’s x2 test for frequencies,
the Mann–Whitney U test for non-normally distributed continuous variables, and Student’s
t-test for normally distributed variables. Spearman’s correlation test will be used to explore
the association between variables and radiation doses.

Exploratory analysis, including unsupervised clustering and principal component
analysis, will also be performed to stratify patients according to differential protein expres-
sion or relative protein abundance. Other soft clustering, dimensionality reduction (e.g.,
tSNE and UMAP), or unsupervised analyses (e.g., group-based trajectory models) will be
conducted to identify groups of individuals that follow similar shifts or trends on protein
relative abundance or differential protein expressions over time, considering that all time
points will be performed. The differential profiles will be determined based on the data
analysis for baseline and each timepoint, as well as changes from baseline values (relative
and absolute change).

A mixed-effects model will be used to study the association between different biomark-
ers at different time points and the dosimetry data (dose, volume, and beam quality). Lastly,
the differences in biomarker levels between a follow-up timepoint and baseline will be
studied as a function of dosimetric indicators using general linear models, with adjustment
for potential confounders (chemotherapy, disease history, medicines, BMI, etc.). Statistical
significance for all analyses will be assessed using two-sided tests with an alpha level of
0.05 and adjustment for multiple comparisons.

5. Expected Results

The HARMONIC project addresses a crucial question regarding the health risks
for pediatric patients exposed to ionizing radiation from radiotherapy or interventional
cardiology (UNSCEAR report 2008) [1–4]. Over the recent years, there has been consider-
able technological advancements that improve the therapeutic gain of radiotherapy, i.e.,
maximizing the dose to the tumor while sparing the healthy tissue, [7,36], as well as imple-
menting numerous dose reduction strategies in pediatric interventional cardiology [3,37].
The difficulties associated with cancer and non-cancer risk assessments from pediatric
radiation exposure could be partly overcome with precise dose estimation and biochemical
studies to better understand the mechanisms that underly the development of disease
processes and provide indicators of risk [16–18].

Radiation can induce DNA damage, especially DNA double-strand breaks (DSBs),
which are the most lethal type of DNA damage and can result in mutations, chromosomal
abnormalities, and the further development of cancer, as well as other severe health effects.
However, the full spectra of biological mechanisms underlying the adverse health effects
after irradiation are only partly understood. It has been reported that several biological
pathways, such as DNA repair, inflammatory response, oxidative stress induction, as
well as metabolic changes, are involved in response to IR exposure [17,38]. A multifac-
torial approach in conjunction with robust high-throughput technologies and integrated
computational approaches, such as systems biology, may facilitate the discovery of new
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pathways and biomarkers for the prediction of long-term adverse health effects of IR
exposure [17,38,39].

Accordingly, biological research on the HARMONIC project will investigate the
changes induced by medical radiation at the level of specific biomarkers which might be con-
sidered ‘early signs’ of tissue damage before the full development of adverse health effects.
The project will focus on changes related to oxidative stress [19,20], inflammation [22,23], as
well as nuclear and mitochondrial DNA damage [25,26], in order to identify the long-term
health risks [21,24,27–29].

In parallel, the study will also use high-resolution approaches of proteomics and whole
miRNA transcriptomes to provide an integrated assessment of bio-molecular responses
to pediatric radiation exposure by identifying biological pathways that may underlie the
adverse health effects of the exposures.

Of note, this study has a longitudinal design which will allow the shorter-term and
longer-term biological response of IR to be compared. To account for the differences
between the participants, we will anchor the data of each individual on their own baseline
data. This will allow us to measure the treatment effects on an individual level immediately
and up to 1 year later.

An additional aspect of this study is the comparison of biomarkers in saliva with
those in blood samples. Especially in vulnerable populations, such as children [40,41],
saliva offers an attractive non-invasive sampling method that is relatively inexpensive, safe,
and easy to use. Saliva could be a valuable alternative as a biological source for human
biomonitoring in occupational and environmental medicine [41], but further studies are
needed to explore the robustness, reproducibility, and validity of salivary biomarkers in
comparison to those analyzed in blood.

As the study includes a cohort of pediatric patients that will be well characterized in terms
of dosimetry to “in-field” and “out-of-field” organs [33–35] (https://harmonicproject.eu, ac-
cessed on 4 March 2023), it will be possible to investigate dose–response relationships
between biomarkers and doses to organs for both radiotherapy and interventional cardiol-
ogy, as well as a comparison of effects of radiation quality.

The HARMONIC databases will register the individual responses for a defined set
of biomarkers and facilitate studies on the mechanisms that underly radiation-induced
second/primary cancers, as well as cardiac and vascular damages. A mechanistic under-
standing, together with biomarkers for individuals at increased risk, has the potential
to increase the power of epidemiological studies regarding the health effects of different
radiotherapy modalities.

Hence, we believe that a better understanding of the underlying biological and cellular
mechanisms will complement the epidemiological approach of the HARMONIC project
(https://harmonicproject.eu/, accessed on 4 March 2023). This will provide a unique
opportunity to gain better insight into the biological effects of medical radiation doses in
pediatric patients.

In summary, the findings of this research project hold the potential to provide mecha-
nistic insight in the molecular and cellular responses involved in the effects of IR of different
radiation quality and doses. The HARMONIC project aims to improve the protection of
patients and maximize the benefits from medical applications. The final expected output
from the biological part of the project will be able to define the predictive biomarkers to
be used for molecular epidemiology studies in order to identify patients at higher risk for
adverse health effects.
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S serum
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Abstract: Extracellular vesicles (EVs), through their cargo, are important mediators of bystander
responses in the irradiated bone marrow (BM). MiRNAs carried by EVs can potentially alter cellular
pathways in EV-recipient cells by regulating their protein content. Using the CBA/Ca mouse model,
we characterised the miRNA content of BM-derived EVs from mice irradiated with 0.1 Gy or 3 Gy
using an nCounter analysis system. We also analysed proteomic changes in BM cells either directly
irradiated or treated with EVs derived from the BM of irradiated mice. Our aim was to identify key
cellular processes in the EV-acceptor cells regulated by miRNAs. The irradiation of BM cells with
0.1 Gy led to protein alterations involved in oxidative stress and immune and inflammatory processes.
Oxidative stress-related pathways were also present in BM cells treated with EVs isolated from 0.1 Gy-
irradiated mice, indicating the propagation of oxidative stress in a bystander manner. The irradiation
of BM cells with 3 Gy led to protein pathway alterations involved in the DNA damage response,
metabolism, cell death and immune and inflammatory processes. The majority of these pathways
were also altered in BM cells treated with EVs from mice irradiated with 3 Gy. Certain pathways
(cell cycle, acute and chronic myeloid leukaemia) regulated by miRNAs differentially expressed in
EVs isolated from mice irradiated with 3 Gy overlapped with protein pathway alterations in BM
cells treated with 3 Gy EVs. Six miRNAs were involved in these common pathways interacting
with 11 proteins, suggesting the involvement of miRNAs in the EV-mediated bystander processes.
In conclusion, we characterised proteomic changes in directly irradiated and EV-treated BM cells,
identified processes transmitted in a bystander manner and suggested miRNA and protein candidates
potentially involved in the regulation of these bystander processes.

Keywords: bone marrow; ionising radiation; extracellular vesicles; miRNA content; proteome;
pathway analysis; bystander effects
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1. Introduction

Extracellular vesicles (EVs) are a heterogeneous class of nanoscale particles excreted
by most cell types both under physiological and pathological conditions and under stress,
and they serve primarily as intercellular communication vectors [1]. EVs include apoptotic
bodies, microvesicles and exosomes, which are distinguished not primarily by size but by
the method of biogenesis [2]. They shuttle several different kinds of cargo between cells,
including lipids, proteins, DNA (DNA), mRNA, long non-coding RNA (lncRNA), and
miRNA [3].

Apart from its cytotoxic and mutagenic effects, ionising radiation (IR) induces cellular
stress and activates intercellular signalling mechanisms through which radiation damage
can be transmitted in a bystander manner to cells not directly irradiated. This process is
called the radiation-induced bystander effect, and it is a major mechanism through which
tissue and systemic responses are elicited after local radiation damage [4–6]. Signals trans-
mitted by chemokines, cytokines, small metabolites and various danger signal molecules
released in the extracellular space play important roles in radiation-induced bystander re-
sponses. Given the complexity of bystander effects, it is less probable that single molecules
mediate this response. EVs, with their complex cargo, are major candidates for mediating
radiation-induced bystander responses, and several in vitro and in vivo studies actually
proved the role of EVs in this process [7–10].

The role of bystander signalling is especially relevant in organs in which intercellular
communication is a major element of proper organ functioning. Within the bone marrow
(BM), interactions among the different stem and progenitor cells as well as the BM stroma
are indispensable for normal haematopoiesis. In addition, BM is a particularly radiosensi-
tive organ prone to the development of both IR-induced acute deterministic effects (acute
BM damage) and late stochastic effects (radiation-induced leukaemia). EVs are known to
play a major role in the communication with the BM microenvironment, being involved in
the regulation of stem cell renewal, differentiation, proliferation and mobilisation [11,12].

Previously, we developed an in vivo model to study the role of EVs in mediating
IR-induced bystander responses by injecting BM-derived EVs from irradiated into naïve,
non-irradiated mice. We investigated local effects in the BM [9,10] and systemic effects
in the blood and spleen [7,10,13]. In these studies, we showed that BM-derived EVs
(1) induced changes in the pool of several of the BM haematopoietic and spleen immune
cell subpopulations which mimicked direct irradiation effects; (2) induced DNA damage
and apoptosis similarly to direct irradiation; (3) led to changes in several plasma protein
levels involved in the inflammation and immune response, which were very similar to the
effects observed after direct irradiation and (4) led to an increased oxidative stress. We also
demonstrated that only EVs originating from the BM of acutely irradiated mice were able
to initiate bystander responses, and these responses were long-lasting [9]. In the present
study, we used a mouse model prone to radiation-induced leukaemia. We characterised
IR-induced changes in the miRNA content of EVs and miRNA-regulated pathways as well
as the proteome and related pathways of BM cells (BMC) treated with EVs from irradiated
mice. By comparing pathways regulated by the differentially expressed miRNAs in the
EVs with protein pathways altered in BMCs treated with EVs from irradiated mice, we
identified miRNA candidates involved in bystander signalling in EV-recipient BMCs. The
main steps of the workflow are presented in Figure 1.

35



Int. J. Mol. Sci. 2023, 24, 8607

Figure 1. Schematic figure of the workflow. EV characterization is shown in Figure 2, EV uptake
upon EV and BMC coculture is shown in Figure 5. Results of the miRNA expression analysis are
shown in Figures 3 and 4 and Table 1. Summary of mass spectrometric results are presented in
Figure 6. Results of miRNA and protein pathway analysis alongside with protein clustering results
are shown in Figure 7. miRNA and protein interaction results are presented in Figures 8–10.

To simplify the terminology within the manuscript, we will use the following terms:
EVs will refer to BM-derived EVs, since BM was the only source of EV isolation in the
present study. Control EVs will refer to EVs isolated from the BM of control, sham-irradiated
mice and, consecutively, 0.1 Gy and 3 Gy EVs will refer to EVs isolated from the BM of
mice irradiated with either 0.1 Gy or 3 Gy.

2. Results

BM-derived EVs were isolated from the BM supernatant of total body-irradiated
CBA/CA mice and characterised as described [14]. The electron microscopic characterisa-
tion of EV morphology and size indicated typical EV structures, while EV-specific proteins
were identified by Western blotting (Figure 2A,B). The average particle size measured with
TRPS was 150 nm, with no significant differences between EVs from control or irradiated
mice (Figure 2C).
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Figure 2. Characterisation of Bone Marrow-Derived Extracellular Vesicles. (A) Representative
transmission electron microscopy images of extracellular vesicles isolated from the bone marrow
of mice irradiated with the indicated doses of ionising radiation. (B) Representative Western blot
analysis of whole cell lysates and extracellular vesicles isolated from the bone marrow of mice
irradiated with the indicated doses of ionising radiation. Lane 1: protein ladder, lane 2: bone
marrow whole cell lysate, lane 3–5: extracellular vesicle sample from control, nonirradiated, 0.1 Gy-
and 3 Gy-irradiated mice. (C) Size of extracellular vesicle suspensions was examined by tunable
resistance pulse sensing using an NP150 nanopore (measurement range: 70–420 nm). Mean values of
extracellular vesicle size are shown, with bars representing standard deviations (SD). n = 3.

2.1. The miRNA Cargo of BM-Derived EVs Shows a Dose-Dependent Response to IR

The total RNA extracted from control, 0.1 Gy and 3 Gy EVs from three independent
experiments was run in an nCounter panel which included probes to identify 800 different
murine miRNAs. Analysis performed with the DIANA Tools, mirExTra2.0 software indi-
cated that the level of two miRNAs (mmu-miR-761 and mmu-miR-129-5p) was increased
in 0.1 Gy EVs compared to in EVs from controls (Supplementary Table S1). Pathway
analysis based on the KEGG database using the Diana Tools miR path software identified
two significantly altered pathways (TGF-beta signalling pathway and Signalling path-
ways regulating pluripotency of stem cells) relevant for the radiation response in the BM
(Supplementary Table S2).

In the 3 Gy EVs, 17 miRNAs were differentially expressed; two of them (mmu-miR-709
and mmu-miR-706) had decreased levels, while the others had increased levels (Supplemen-
tary Table S1). The two miRNAs with increased levels in 0.1 Gy EVs were also increased
in 3 Gy EVs. Both miRNAs were present at higher levels in 3 Gy EVs than in 0.1 Gy
EVs, suggesting dose-dependent alteration. No EV-derived miRNAs unique for low doses
were identified. Pathway analysis revealed 34 significantly altered pathways potentially
regulated by the 17 differentially expressed miRNAs in 3 Gy EVs (Supplementary Table S2).
The majority of the pathways were linked to cancer (29%), signal transduction (26%) and
cellular processes (15%). Pathways relevant for BM functioning (signalling pathways regu-
lating pluripotency of stem cells, acute myeloid leukaemia, chronic myeloid leukaemia)
were among the significantly altered pathways.

Clustering analysis performed with the BRB array tool showed clear up- and down-
regulated clusters of miRNAs, which also included the miRNAs identified using Diana
tools software (Figure 3A,B). Dose correlation analysis identified 13 miRNAs that showed a
strong dose-response (Table 1), with correlation coefficients between 0.95 and 0.84.
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Figure 3. Based on clustering and dose correlation analysis, miRNAs from the bone marrow-derived
extracellular vesicles of mice irradiated with 0.1 Gy and 3 Gy correlate with the dose. Heatmap and
cluster dendrogram showing (A) a cluster of upregulated miRNAs and (B) a cluster of downregulated
miRNAs from bone marrow extracellular vesicles of mice irradiated with 0.1 Gy and 3 Gy. MiRNAs
highlighted in red are those miRNAs that were identified by Diana tools mirExTra 2.0. as significantly
up- or downregulated. Clustering and dose correlation analysis was performed with the BRB
array tools.
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Table 1. MiRNAs correlating with the dose. Dose correlation analysis was performed with the BRB
array tools. Correlations were considered at the nominal 0.001 level of the univariate test.

Correlation Coefficient Parametric p-Value FDR miRNA Name

0.953 <1 × 10−7 <1 × 10−7 mmu-miR-323-5p

0.888 9.17 × 10−5 0.00592 mmu-miR-1933-5p

0.888 9.17 × 10−5 0.00592 mmu-miR-1961

0.888 9.17 × 10−5 0.00592 mmu-miR-338-5p

0.888 9.17 × 10−5 0.00592 mmu-miR-504

0.884 0.0001922 0.0103 mcmv-miR-m107-1-
5p

0.875 0.0003089 0.0125 mmu-miR-290-5p

0.874 0.0003089 0.0125 mmu-miR-708

0.857 0.0005971 0.0161 mmu-miR-181c

−0.857 0.0005971 0.0161 mmu-miR-2146

0.859 0.0005971 0.0161
mmu-miR-467h +
mmu-miR-669d +

mmu-miR-669l

0.857 0.0005971 0.0161 mmu-miR-669j

−0.843 0.0009695 0.0222 mmu-miR-93

QRT-PCR measurements confirmed nCounter results for the downregulated miRNAs
in the EVs identified by the DIANA Tools and mirExTra and also for most of the miRNAs
correlating with the dose (based on BRB array analysis), though a dose–response relation-
ship could not be identified for all miRNAs (Figure 4). Significant changes in miRNA levels
were detected mostly after irradiation with 3 Gy (mmu-miR-669d-5p, mmu-miR-93-5p,
mmu-miR-467h, mmu-miR-706, mmu-miR-1933-5p, mmu-miR-181c-5p, mmu-miR-338-5p),
while 0.1 Gy induced significant changes only in two cases (mmu-miR-1933 and mmu-mi-
34b-5p). Three miRNAs, which showed a positive dose correlation based on BRB array
analysis, correlated negatively with the dose after qRT-PCR (mmu-miR-669d-5p, mmu-miR-
504-5p and mmu-miR-467h). However, we have to point out that the nCounter system used
the same ID for the identification of both mmu-miR-669d-5p and mmu-miR-467h, while
individual miRNA-specific primers were used in the qRT-PCR reaction. Mmu-miR-34b-5p
showed a positive dose correlation based on BRB array analysis, while qRT-PCR indicated
an inverse dose relationship (decreased miRNA level after 0.1 Gy and enrichment after
3 Gy). For three miRNAs (miR-708-5p, mmu-miR-761 and miR-129-5p), we could not
confirm any significant dose correlation with qRT-PCR (Figure 4).

2.2. Proteomic Changes in BMCs Treated with BM-Derived EVs from Irradiated Mice Indicate
Partially Distinct Pathway Alterations to Directly Irradiated BMCs

Proteomic changes in BMCs treated with BM-derived EVs from irradiated mice have
been compared to the proteome of directly irradiated BMCs. The ex vivo incubation of
BMCs with fluorescently labelled EVs indicated that the rate of EV uptake was around 80%,
with no significant difference in EV uptake if EVs originated from the BM of irradiated or
control mice (Figure 5).
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Figure 4. Ionising radiation influences the miRNA content of bone marrow-derived extracellular
vesicles in irradiated mice. Extracellular vesicles were isolated from the bone marrow of control and
irradiated mice, miRNAs were purified from the extracellular vesicles and the relative concentration
of miRNAs was measured by qRT-PCR, as described in the Materials and Methods section. n = 3;
Significant changes are indicated with * p < 0.05 and *** p < 0.001.

˂

Figure 5. Irradiation does not influence the extracellular vesicle uptake by bone marrow cells. Bone
marrow cells from control, non-irradiated mice were co-cultured in vitro with fluorescently labelled
bone marrow-derived extracellular vesicles isolated from control, 0.1 Gy- and 3 Gy-irradiated mice,
and the uptake rate was determined by flow cytometry, as described in Materials and Methods.
(A) Flow cytometry blots showing the representative uptake rates of extracellular vesicles by bone
marrow cells. Green colour indicates cells with EV uptake, red colour indicates cells without EV
uptake. (B) The percentage of bone marrow cells taking up extracellular vesicles. n = 3. Error bars
represent standard deviation (SD).
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Proteomic changes were investigated in ex vivo cultured murine BMCs either non-
irradiated (0 Gy or control), irradiated with 0.1 Gy or 3 Gy X-Rays or treated with
BM-derived EVs isolated from mice irradiated with the same doses (0 Gy, 0.1 Gy or
3 Gy). A total of 3718 proteins were identified in the BMCs, among which 2707 proteins
were qualified for further studies according to the selection criteria (FDR < 1% and iden-
tified with at least two unique peptides). Principal component analysis (PCA) and heat
map clustering demonstrated that the 3 Gy group was the most different from all other
experimental groups (Figure 6).

Figure 6. Irradiation of bone marrow cells with 3 Gy leads to a distinct proteomic pattern.
(A) Principal component analysis was performed in Perseus software version 2.0.7.0. Proteome
discoverer output with all proteins identified in all samples with more than two peptides was loaded.
After log2 transformation, missing values were low-abundance-imputed according to program set-
tings. Categorical annotations were added for experimental groups. Principal component analysis
was performed using the standard settings of Perseus, displaying experimental groups. (B) Heatmap
clustering. Proteins were characterised by hierarchical clustering (Euclidean distance algorithm and
average distance method).
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2.2.1. Proteomic Changes in Directly Irradiated BMCs

Irradiation with 0.1 Gy led to 142 deregulated (33 downregulated and 109 upregulated)
proteins (Supplementary Table S3A, Figure 7A and Supplementary Figure S1A) compared
to control samples. STRING clustering analysis indicated that the largest protein cluster
included mitochondrial proteins involved in ATP synthesis and oxidative phosphorylation
(Supplementary Table S7). Irradiation with 3 Gy led to 360 deregulated (236 downregulated
and 124 upregulated) proteins in the BMCs (Supplementary Table S3B, Figure 7A and
Supplementary Figure S1B) compared to control samples, which could be grouped into
several clusters. One big cluster contained proteins involved in biological processes related
to DNA repair, replication and DNA metabolism, stress response and metabolic pathways.
A further cluster contained proteins involved in chromatin remodelling and histone pro-
teins. Mitochondrial proteins involved in electron transport, oxidative phosphorylation
and oxidation-reduction complexes constituted a third cluster (Supplementary Table S7).
Seventy-two proteins were in common between BMCs irradiated with 0.1 Gy and 3 Gy.
Changes in the expression of 35 proteins correlated with the dose, with 50% or higher
difference in the protein abundance ratio between 0.1 Gy and 3 Gy samples (Figure 7A
and Supplementary Table S3C; highlighted proteins indicate those correlating with the
dose). Clustering analysis of the common proteins indicated that the largest protein clusters
belonged to biological processes related to mitochondrial processes such as mitochondrial
ATP synthesis and oxidative phosphorylation, as well as iron sulphur clusters (Figure 7B,
Supplementary Table S7). The common proteins most significantly upregulated (highest
abundance ratio and lowest p value) were putative transferase CAF17 homolog, mito-
chondrial (Iba57) and cysteine desulfurase mitochondrial (Nfs1) and also belonged to
this cluster.

Based on pathway enrichment analysis using the PathDIP tool, deregulated pro-
teins in BMCs irradiated with 0.1 Gy could be associated with 107 altered pathways
(Supplementary Table S4A and Figure 7C). The vast majority of the deregulated pathways
were associated with immune processes (15%), signal transduction (11%) as well as cancer
(9%) and metabolism (9%, including oxidative phosphorylation and pyruvate metabolism);
nevertheless, cell growth and death-related pathways were also deregulated (Figure 7D).
In the BMCs irradiated with 3 Gy, the 360 altered proteins could be associated with
87 altered pathways (Supplementary Table S4B and Figure 7C). The highest number of
altered pathways were related to metabolism (18%) and genetic information processing
(17%). One-third of the pathways within genetic information processing were related to
DNA damage and repair. Cancer-related pathways represented 10% of the total pathway
alterations, including acute myeloid leukaemia. Immune-related and signal transduction
pathways were also present but in lower percentages compared to BMCs irradiated with
0.1 Gy (Figure 7D).

Sixty-three pathways were in common between BMCs irradiated with 0.1 Gy and 3 Gy
(Supplementary Table S4C and Figure 7C). Common pathways were related to metabolism
(14%), cancer (11%), genetic information processing (11%), signal transduction (10%), the
immune system (8%) and cell growth and death (Figure 7E).
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Figure 7. Significantly deregulated proteins and associated pathways in directly irradiated and
extracellular vesicles-treated bone marrow cells. (A) Venn Diagram analysis of significantly dereg-
ulated proteins identified across all four treatment groups. (B) Common clusters formed by sig-
nificantly deregulated proteins, as performed by STRING clustering analysis. (C) Venn diagram
analysis of significant protein pathways. (D) Pathway distribution in the different treatment groups.
(E) Pathway comparison between treatment groups. Pathway annotations and enrichment analysis
were performed with the pathDIP database, integrating data from the KEGG database. BM: bone
marrow; EV: extracellular vesicles.

2.2.2. Proteomic Changes in EV-Treated BMCs

The treatment of BMCs with 0.1 Gy EVs led to 106 deregulated (33 downregulated and
73 upregulated) proteins (Supplementary Table S5A, Figure 7A and Supplementary
Figure S1C) compared to BMCs treated with control EVs, which could be clustered into
several biological functions, out of which mitochondria-related biological processes (ATP
synthesis, electron transport, oxidation-reduction), stress response, signal transduction and im-
mune processes represented the largest clusters (Supplementary Table S7). Based on pathway
enrichment analysis, the 106 proteins could be associated with 15 pathways (Supplementary
Table S6A and Figure 7D), the majority of which were metabolism-related (Figure 7D). Treat-
ment with 3 Gy EVs led to 63 deregulated (29 downregulated and 34 upregulated) proteins
(Supplementary Table S5B, Figure 7A and Supplementary Figure S1D) compared to BMCs
treated with control EVs. STRING clustering analysis indicated fewer protein clusters than
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in the other treatment groups, the largest clusters belonging to nuclear and nucleosomal
proteins involved in chromatin organisation, the regulation of histone methylation and
DNA binding as well as spliceosomal complex assembly, mRNA splicing and ribonucleo-
protein complex assembly. Protein clusters involved in immune processes and metabolic
processes were also present (Supplementary Table S7). The 63 deregulated proteins could be
associated with 117 pathways (Supplementary Table S6B and Figure 7C). The most highly
represented altered pathways were related to cancer (20%), signal transduction (16%)
and the immune system (12%). Further altered pathways were endocrine system-related,
genetic information processing including replication and repair and cellular processes
including cell growth and death (Figure 7D).

Twenty-four proteins (Supplementary Table S5C and Figure 7A) and four pathways
(Supplementary Table S6C and Figure 7C) were in common in BMCs treated with 0.1 Gy
EVs and 3 Gy EVs, though common pathways could not be linked to either irradiation- or
cancer- or BM damage-related processes (Figure 7E).

2.2.3. Comparison of Proteomic Changes between Directly Irradiated and EV-Treated BMCs

Next, we identified deregulated common proteins and pathways between directly
irradiated and EV-treated BMCs. Eighteen proteins were common in BMCs irradiated with
0.1 Gy and treated with 0.1 Gy EVs, out of which eight (Carbonyl reductase NADPH1 (Cbr1),
Cytochrome b-c1 complex subunit 6, mitochondrial (Uqcrh), RUN and
FYVE domain-containing protein 1 (Rufy1), N-acetylglucosamine-1-phosphodiester
alpha-N-acetylglucosaminidase (Nagpa), Mitochondrial 2-oxodicarboxylate carrier

(Slc25a21), Thioredoxin domain-containing protein 5 (Txndc5), Enoyl-[acyl-carrier-protein]
reductase, mitochondrial (Mecr) and Mitochondrial import inner membrane translocase
subunit Tim8A (Timm8a1)) could be associated with redox and mitochondrial processes
(Supplementary Table S8A and Figure 7A). Seven pathways were in common
(Supplementary Table S8A and Figure 7C), out of which oxidative phosphorylation was
the most significant and also the only relevant for IR-related processes.

Twenty-six common proteins and 52 common pathways could be identified between
BMCs directly irradiated and treated with 3 Gy EVs (Supplementary Table S8B and
Figure 7A). The 26 common proteins could not be grouped in big clusters; neverthe-
less, 3 common proteins (CD48 antigen (CD48), C-type lectin domain family 1 member B
(Clec1b) and Integrin alpha-IIb (Itga2b)) were involved in platelet aggregation and acti-
vation, wound healing, cell adhesion and migration, 2 common proteins (p21-activated
protein kinase-interacting protein 1 (Pak1ip1) and U4/U6 small nuclear ribonucleoprotein
Prp31 (Prpf31)) were involved in spliceosomal complex assembly, mRNA splicing and
ribonucleoprotein complex assembly, 2 proteins (Carbonyl reductase NADPH1 (Cbr1)
and Carbonyl reductase NADPH2 (Cbr2)) were involved in NADPH activity and 2 other
mitochondrial matrix proteins (Electron transfer flavoprotein-ubiquinone oxidoreductase,
mitochondrial (Etfdh) and Propionyl-CoA carboxylase alpha chain, mitochondrial (Pcca))
were involved in propionyl-CoA carboxylase activity (Figure 7B). Pathway enrichment
analysis indicated that out of the 52 common pathways, 17% were cancer-related, including
acute myeloid leukaemia, 13% were signal transduction-related, 12% were related to genetic
information processing, including replication and repair, 10% were linked to cell growth
and death and 8% were linked to the immune system (Figure 7C,E).

2.3. Protein Pathways Regulated by EV-Containing miRNAs from Irradiated Mice Partially
Overlap with Protein Pathways Altered in the EV-Treated BMCs

EV-derived miRNAs can potentially alter cellular pathways in EV-recipient cells by
regulating their protein content. In order to identify those EV-derived miRNAs that are most
probably involved in regulating cellular processes in the EV-recipient cells, we analysed
overlaps in protein pathways predicted to be altered by EV-transmitted miRNAs and
altered protein pathways based on proteomic data.
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In 0.1 Gy EVs, two miRNAs had altered expression levels, which belonged to three
pathways. BMCs treated with 0.1 Gy EVs led to 106 deregulated (up- or downregulated)
proteins that could be linked to 15 pathways (Supplementary Tables S2 and S6A). The
two pathway lists had no common elements; therefore, we assumed that EV-containing
miRNAs after low-dose irradiation are not the major regulators of protein pathways in
EV-acceptor BMCs.

The 17 miRNAs differentially expressed in 3 Gy EVs regulated 34 pathways. BMCs
treated with 3 Gy EVs resulted in 63 (up- or downregulated) proteins which could be
grouped in 117 pathways. Seventeen pathways were in common between miRNAs
and proteins, and the vast majority of common pathways were cancer-related (59%)
(Supplementary Table S9 and Figure 8). These findings suggested that miRNAs from
3 Gy EVs might have important roles in regulating protein pathways in EV-acceptor BMCs.

 

Figure 8. Common pathways between differentially expressed miRNAs from bone marrow-derived
extracellular vesicles from mice irradiated with 3 Gy and deregulated proteins in bone marrow cells
treated with bone marrow-derived extracellular vesicles of mice irradiated with 3 Gy. (A) Number of
pathways; (B) Distribution of KEGG pathway classes.

In order to better characterise the interactions between EV-derived miRNAs and
deregulated cellular proteins in the EV-acceptor BMCs, direct miRNA–protein interactions
were analysed using the TARBASE database (for validated interactions) and the miRDB
database (for predicted interactions). Out of the 17 miRNAs differentially expressed in
the 3 Gy EVs, we identified those that could interact with at least one of the 63 dereg-
ulated proteins in the BMCs treated with 3 Gy EVs and found that 11 miRNAs could
interact directly with 19 proteins. Nevertheless, only interactions between 6 miRNAs and
11 proteins were involved in the 17 altered pathways that were common between dereg-
ulated miRNAs in 3 Gy EVs and deregulated proteins in BMCs treated with 3 Gy EVs
(Figure 9 and Supplementary Table S10). Alterations in the level of two highly signif-
icantly upregulated proteins ((Histone H2A.V (H2afv) and Cysteine protease ATG4B
(Atg4b)) in the samples treated with 3 Gy EVs (for Atg4b p = 4.51 × 10−16 and for H2afv
p = 3.63 × 10−5) and participating in validated interactions with miRNAs were investigated
by Western blot analysis as well in order to confirm the proteomic data. The level of both
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proteins increased in the BMCs treated with 3 Gy EVs; nevertheless, changes were only
significant for H2afv (Figure 10).
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Figure 9. MiRNA–protein interactions involved in the common pathways between differentially
expressed miRNAs from bone marrow-derived extracellular vesicles from mice irradiated with
3 Gy and deregulated proteins in bone marrow cells treated with bone marrow-derived extracellular
vesicles of mice irradiated with 3 Gy. Only those miRNA and protein interactions are presented where
both the miRNA and the protein could be linked to certain common pathways. MiRNA–protein
interactions were searched for in the Tarbase (validated interactions) and miRDB databases (predicted
interactions). Colour blocks indicate an identical number of proteins involved in a particular pathway.
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Figure 10. Western blot validation of deregulated proteins in bone marrow cells treated with bone
marrow-derived extracellular vesicles from irradiated mice. A total of 40 µg of protein was loaded on
the gel and hybridised to either anti-Atg4b or anti-H2afv or β-actin (loading control), as described in
Materials and Methods. Quantification was performed with ImageJ software. Relative fold changes
compared to bone marrow cells treated with extracellular vesicles from non-irradiated mice are
shown in (A) for H2afv and (B) for Atg4b. (C) Representative blot image. n = 3. Error bars represent
standard deviations (SD). Significant changes are indicated with * p < 0.05.
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3. Discussion

In our previous studies, we reported that BM-derived EVs played an important
role in transmitting IR-induced bystander effects in the BM [9,10,13]. Using the C57Bl/6
mouse model, we demonstrated that EVs isolated from the BM supernatant of irradiated
mice, when injected systemically into naïve animals, induced changes in cell viability and
cell subpopulation distribution in the BM and periphery that were similar to those for
mice directly irradiated. We also highlighted the potential role of EV-derived miRNAs in
mediating bystander effects. The aim of the present study was to identify those miRNAs in
the BM-derived EVs of irradiated mice, which might interfere with cellular processes in
the EV-acceptor cells. The CBA/CA mouse was used because this radiosensitive strain is
prone to develop acute myeloid leukaemia exclusively upon irradiation [15].

Although blood is the most frequently used source of EVs for biological studies [16],
blood-derived EVs are not optimal for characterising EV-mediated communication within
a tissue microenvironment, since blood-derived EVs represent a mixture of EVs released
from various parts of the body and, thus, they are not representative for a particular
tissue microenvironment. Therefore, our study was performed using BM-derived EVs
isolated from BM supernatant, in which EVs released by various BM cells are present in a
concentrated form.

EVs carry a complex cargo comprising various proteins [17], different types of RNAs,
various non-coding RNA types such as miRNAs [10,18], circular RNAs [19,20], long
non-coding RNAs [21,22] as well as DNA of various sources such as genomic,
mitochondrial [23], extrachromosomal [24], small metabolites [25] and possibly other bio-
logical structures present in the cells releasing the EVs. Out of these proteins and miRNAs
are the best characterised molecules due to their role in regulating cellular processes in the
EV-acceptor cells.

According to our results, the number of differentially expressed miRNAs in the EVs
isolated from mice irradiated with low (0.1 Gy) or high (3 Gy) doses was low. In the EVs iso-
lated from 0.1 Gy-irradiated mice, only two differentially expressed miRNAs were detected;
nevertheless, they regulated important pathways involved in either signal transduction
(TGF-β signalling pathway) or normal BM functioning (signalling pathways regulating the
pluripotency of stem cells). Seventeen miRNAs were differentially expressed in EVs iso-
lated from mice irradiated with 3 Gy, regulating mostly cancer-related pathways (including
acute myeloid leukaemia) and multiple pathways relevant for either BM functioning (Wnt
signalling pathway, signalling pathways regulating the pluripotency of stem cells) or for
the cellular response to IR (Hippo signalling, cell cycle, TGF-β signalling, FoxO signalling,
MAPK signalling, Erb signalling), suggesting the potential involvement of these miRNAs
in mediating IR-induced bystander responses. The findings that all of the differentially
expressed miRNAs of 0.1 Gy EVs were present in 3 Gy EVs and the expression level of
several miRNAs in the EVs correlated with the applied dose suggest a dose-dependent
regulation of miRNA packaging in EVs. Previous studies identified cellular and circulating
miRNAs with various degrees of correlation with ionising radiation dose [26,27], but we
are not aware of reports regarding the dose-dependent or dose-correlating expression of
miRNAs in EVs.

Comparing our current results with the study of Szatmári et al., in which differentially
expressed miRNAs in BM-derived EVs were investigated in C57Bl/6 mice irradiated with
either 0.1 Gy or 2 Gy [10], only two miRNAs (miR709 and miR761) were in common in the
EVs irradiated with high doses. Nevertheless, the number of common pathways regulated
by the differentially expressed miRNAs in the two studies was largely overlapping. The
two pathways regulated by miRNAs differentially expressed in the 0.1 Gy EVs (TGF-β
signalling pathway and signalling pathways regulating the pluripotency of stem cells) and
80% of pathways regulated by the miRNAs from 3 Gy EVs were also present in the study
by Szatmári et al.

We are not aware of any other publication investigating differentially expressed
miRNAs in BM-derived EVs after IR. Comparing IR-induced differences in the miRNA
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content of EVs from different biological sources is difficult, since the miRNA content of the
EVs largely reflects the miRNA panel of the EV-donor cells. Nevertheless, the majority of
the EVs released by the BM should be present in the blood as well, although in a much
lower yield. Therefore, we compared our current data with another study by Szatmári et al.,
in which they investigated differentially expressed miRNAs in EVs isolated from the blood
of C57Bl/6 mice irradiated with either 0.1 Gy or 2 Gy [13]. Although identical miRNAs
were not detected, several pathways relevant for cancer (such as acute myeloid leukaemia,
chronic myeloid leukaemia, mTOR signalling) or signal transduction processes altered by
IR (such as FoxO signalling, Hippo signalling, MAPK signalling, TGF-beta signalling) were
in common. Moertl et al. investigated the effect of IR on the miRNA content of human
peripheral blood mononuclear cell-derived EVs 72 h after irradiation with 2 Gy or 6 Gy.
Similar to our data, they identified a limited number of differentially expressed miRNAs,
and only the upregulated miRNA-338 was identical with the ones reported in our current
study. MiRNA-regulated pathways related to the cell cycle, cell death and proliferation as
well as DNA repair were also reported as altered [28]. The proteome of BMCs irradiated
with 0.1 Gy revealed protein clusters involved in mitochondria-related processes, most
notably ATP synthesis and oxidative phosphorylation, supporting that low-dose irradiation
induces oxidative stress, as reported in other studies as well [29–31]. Pathway enrichment
analysis indicated that immune system-related signalling pathways (such as NF-κB, T cell
receptor, B cell receptor, Toll-like receptor, IL-17) and pathways related to immune cell
differentiation and function were abundant, supporting the immune modulatory effect of
low-dose irradiation, as reported [32–35].

The irradiation of the BMCs with 3 Gy led to a much higher number of deregulated
proteins, clustered around biological processes relevant for cellular responses to high-dose
radiation damage, such as DNA-related processes (repair, replication, DNA and nucleotide
metabolism), stress response, chromatin remodelling, the regulation of transcription and
mRNA maturation as well as several mitochondrial processes reflecting oxidative stress.
Pathway enrichment analysis largely supported protein clustering, since the most signifi-
cantly altered pathways were metabolism and genetic information processing, out of which
one-third was related to DNA damage and repair (such as homologous recombination,
DNA replication, mismatch repair, nucleotide excision repair). Metabolic pathways affected
nucleotide metabolism, carbohydrate metabolism as well as oxidative phosphorylation.
These data are in agreement with previous studies performed in various biological models
indicating that high-dose irradiation leads to oxidative stress and the activation of DNA
damage response pathways [36–39].

Approx. 50% of the common proteins between BMCs irradiated with 0.1 Gy and
3 Gy correlated with the dose, and these proteins clustered around the oxidative stress
response, MAPK and NF-κB signalling and apoptosis, indicating that the severity of
radiation-induced oxidative stress, inflammation and apoptosis is dose-dependent. Similar
findings were reported by others as well [40–42]. Pathway enrichment analysis indicated
63 common pathways basically supporting protein clustering. Nevertheless, several impor-
tant differences in pathway alterations between the two doses were also noted. Pathway
alterations indicating radiation-induced DNA damage and pathways related to nucleotide
metabolism were only present in BMCs irradiated with 3 Gy and were completely absent
in low-dose-irradiated samples, indicating that low-dose irradiation does not activate
DNA damage response pathways. These findings support previous reports with the same
conclusion [43,44]. On the other hand, immune system-related and signal transduction
pathways were less abundant in BMCs irradiated with high dose compared to low dose.
While apoptosis was a common pathway for both doses, senescence-related pathways were
only present after high-dose irradiation. Leukaemia-related pathway alterations were only
present in BMCs irradiated with 3 Gy, which strongly supports previous data showing an
increased incidence of myeloid leukaemia in the CBA/Ca mouse strain after irradiation
with 3 Gy [15]. Altogether, commonalities and differences in the pathways between low-
and high dose-irradiated BMCs highlight the major differences in the biological responses
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to the two doses. Systemic responses are markedly present after low-dose irradiation
(increased number of immune system-related pathways), while mechanisms related to
DNA damage repair (repair and replication-related pathways, metabolic pathways related
to nucleotide metabolism) predominate in cellular responses to high-dose irradiation.

In order to study EV-induced changes in the protein profile of BMCs, first, we investi-
gated whether the fact that EVs originate from irradiated mice influences their uptake rate
by BMCs. Since we found no significant differences in the uptake rate, we concluded that
changes in the protein pathways of BMCs treated with EVs were due to differences in the
EV cargo and not due to differences in the number of internalised EV particles.

Proteomic changes in BMCs treated with 0.1 Gy EVs were clustered around mitochon-
drial processes involved in oxidative phosphorylation and were involved in 15 pathways,
out of which 5 were metabolism-related such as oxidative phosphorylation and various
components of lipid metabolism. The rest of the pathways were of less relevance for BM
functioning and/or the response to IR. BMCs treated with 3 Gy EVs had 63 deregulated
proteins that did not form big clusters except for a cluster of nuclear proteins involved in
processes such as chromatin remodelling, histone methylation and DNA binding. Other
smaller clusters were involved in immunological and metabolic processes. Pathway en-
richment analysis indicated that, by far, the most highly represented group of pathways
was cancer, followed by signal transduction and the immune response. Among cancer
pathways, acute myeloid leukaemia- and chronic myeloid leukaemia-related pathways
were significantly altered, indicating the potential role of EVs in leukemogenesis [45,46].
An additional important group of pathways was replication and repair, indicating that
EVs could either transmit DNA damage into EV-recipient BMCs or signals leading to the
activation of DNA damage response. This was also reflected in the alterations of certain
signal transduction pathways interacting with the DNA damage response such as mTOR,
PI3K-Akt, Wnt, cAMP, and NF-κB signalling pathways. Alterations in metabolism-related
pathways were much less represented compared to either directly irradiated BMCs or
BMCs treated with 0.1 Gy EVs. The comparison of common proteins and pathways be-
tween BMCs treated with 0.1 Gy EV and 3 Gy EV indicated that mostly proteins involved
in energy metabolism and mitochondrial processes were in common; however, these were
not reflected in identical pathway alterations.

Protein and pathway overlap between directly irradiated and EV-treated BMCs is a
potential way to identify radiation-induced bystander signalling mechanisms transferred by
EVs in the BM. As mentioned above, both direct irradiation with 0.1 Gy and the treatment of
BMCs with 0.1 Gy EVs led to the deregulation of several mitochondrial proteins and protein
pathways involved in energy metabolism. As such, 8 out of the 18 common deregulated
proteins were involved in mitochondrial and redox-related processes, and the only common
pathway that could be related to the IR response was oxidative phosphorylation. These
data indicate that oxidative stress after the low-dose direct irradiation of BMCs can be
transferred by EVs to non-irradiated BMCs in a bystander manner. EV-induced oxidative
stress has been reported by other groups as well [47–49].

While we could not identify strong synergies between BMCs directly irradiated with
3 Gy or treated with 3 Gy EVs at the level of individual proteins, several altered pathways
highly relevant for the IR response were identical between the two groups based on pathway
enrichment analysis. Most importantly, all three pathways related to DNA replication and
repair that were altered in BMCs treated with 3 Gy EVs were also altered in the directly
irradiated cells, indicating that DNA damage response-related signals can be transmitted
by EVs in a bystander manner. In addition, several of the signalling pathways related to
DNA damage (PI3K-Akt, NF-κB) as well as cell death pathways characteristic of high-dose
irradiation (apoptosis, senescence) were also in common between directly irradiated and
EV-treated BMCs. The acute myeloid leukaemia pathway was present both in the directly
irradiated and EV-treated BMCs. The number of cancer-related pathways was much
higher in BMCs treated with 3 Gy EVs compared to their directly irradiated counterparts
(23 vs. 9). Nevertheless, the majority of these pathways were related to cancer in specific
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organs other than BM, which might be due to signals originating from EVs present in the
BM but released by cells from other organs, reaching the BM through the circulation.

Altogether, common protein and pathway alterations between directly irradiated
and EV-treated BMCs indicated that cellular and molecular processes highly relevant
for cellular responses to IR damage could be transmitted by EVs in a bystander manner.
However, several important differences in the pathways could also be seen, as summarised
in Supplementary Figure S2.

Next, we were curious to see to what extent differentially expressed miRNAs of EVs
isolated from irradiated mice were responsible for the transmission of bystander responses.
Since the number of differentially expressed miRNAs in 0.1 Gy EVs was very low (only
two miRNAs involved in three pathways, out of which one was unrelated to either IR or
BM), we assumed that miRNAs from 0.1 Gy EVs do not play a major role in IR-induced
bystander effects. On the other hand, the 17 differentially expressed miRNAs from 3 Gy
EVs regulated several pathways relevant for IR-induced damage in the BM which over-
lapped with protein pathways identified in BMCs treated with 3 Gy EVs. Such common
pathways with relevance in IR-induced BM damage were the cell cycle, pathways in cancer,
transcription misregulation in cancer and acute and chronic myeloid leukaemia. Based
on direct miRNA–protein interaction studies, 6 miRNAs and 11 proteins were identified
that could directly interact and were involved in the mentioned pathways (Figure 9). This
raises the possibility that alterations in the abovementioned protein pathways in the BMCs
treated with 3 Gy EVs could be attributed to the regulatory role of the six EV-derived
miRNAs. Further studies are needed to confirm the direct miRNA–protein interactions and
their impact on the cell cycle and BM malignancies.

While several other pathways relevant for IR response were altered in the BMCs treated
with 3 Gy EVs, the majority of these pathways could not be linked to specific miRNAs
transmitted by 3 Gy EVs. This suggests that proteomic changes in BMCs treated with 3 Gy
EVs might be only in small part regulated by the EV-derived miRNAs, highlighting the
role of other molecules within the EVs able to transmit IR-induced bystander effects.

4. Materials and Methods

4.1. Mouse Model and Irradiation

CBA/Ca mice were used in all experiments. Mice were kept and investigated in
accordance with the guidelines and all applicable sections of the 2011 CLVIII Hungarian
law about animal protection and welfare and the European 2010/63/EU directives and
regulations. All animal studies were approved, and permission was issued by the Budapest
and Pest County Administration Office Food Chain Safety and Animal Health Board
(ethical permission: PE/EA/392-7/2017).

Nine- to twelve-week-old male mice randomly selected from at least five different
litters were either sham-irradiated (0 Gy, controls) or total-body-irradiated with 0.1 Gy and
3 Gy X-rays using an X-RAD 225/XLi X-ray source (Precision X-ray, North Branford, CT,
USA). The mice were sacrificed 24 h after irradiation by using a 100 mg/kg (0.25 mL/kg)
intraperitoneal (i.p.) injection of sodium pentobarbital.

4.2. Isolation of BMCs and Co-Culture of BM-Derived EVs with BMCs

Twenty-four hours after irradiation, the BMs were isolated from the femur and tibia
of mice by flushing out the tissue from the diaphyses of the bones and suspended in PBS.
A BM single-cell suspension was made by the mechanical disaggregation of the tissue;
then, the cells were filtered by a 40 µm mesh filter. The cells were pelleted by centrifu-
gation at 500× g and 4 ◦C for 10 min. The supernatant was removed and used for BM-
derived EV isolation, as described below. Cell pellets were used for proteomic analysis, as
described below.

BMCs from control (0 Gy or sham-irradiated) mice were prepared as described above
and were incubated with EVs isolated from the BM supernatant of either control (0 Gy),
0.1 Gy- or 3 Gy-irradiated mice. Cell pellets were resuspended in RPMI1640 (Lonza
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Bioscience, Verviers, Belgium) containing 10% foetal bovine serum (FBS) (Euroclone S.p.a.,
Pero(MI), Italy). Live BMCs were determined by trypan blue exclusion, and 20 × 106 BMCs
per sample were incubated with EVs isolated from the supernatant of 100 × 106 BMCs
for 3 h at 37 ◦C and 5% CO2. BMCs from directly irradiated mice were processed in a
similar manner, without adding EVs. After the three-hour incubation time, 20 × 106 cells
per sample were pelleted at 500× g and 4 ◦C, and cell pellets were snap-frozen in liquid
nitrogen and kept at −70 ◦C until proteomic analysis.

Part of the EVs and BMCs were used to trace the EV uptake. EVs were isolated
from the BM supernatant of 0 Gy-, 0.1 Gy- or 3 Gy-irradiated mice, as described above.
Isolated EVs were stained with a cell permeant nucleic acid stain that is selective for
RNA (SYTO® RNASelect™ Green Fluorescent Cell Stain Invitrogen, Waltham, MA, USA),
following the manufacturer’s protocol. Briefly, EVs were incubated with the dye (1 µM
final concentration) at 37 ◦C in the dark for 20 min, and the excess of nonincorporated dye
was removed using a GE Healthcare PD SpinTrap G-25 desalting column (GE Healthcare,
Life Science, Chicago, IL, USA). Stained EVs were incubated with freshly isolated BMCs at
a 1/5 ratio for 3 h at 37 ◦C; the non-internalised EVs were removed by centrifugation at
400× g for 10 min. As a control, PBS was stained and incubated with BMCs in the same
way. The EV uptake was assessed by measuring the acquired fluorescence with a CytoFlex
flow cytometer (Beckman Coulter, Brea, CA, USA). The results were analysed using the
Cytexpert software version 2.3.0.84 (Beckman Coulter, Brea, CA, USA).

4.3. Isolation, Validation and Quantification of Mouse BM-Derived EVs

BM-derived EVs were isolated from the BMC supernatant of control and irradiated
mice by pooling the supernatants of five mice/irradiation doses/experiments. EV isolation
was conducted 24 h after irradiation using the ExoQuick-TC kit (System Biosciences, Palo
Alto CA, USA), as described previously [10]. EVs were used for miRNA analysis and for
co-culture with BMCs.

BM-derived EVs were investigated by transmission electron microscopy (TEM) as
described [14]. The size distribution analysis of EVs was conducted by tunable resistance
pulse sensing (TRPS) using an NP150 nanopore (measurement range: 70–420 nm) [9].
EV-specific protein markers were investigated by Western blot analysis, as detailed below.

4.4. RNA Extraction from BM-Derived EVs for miRNA Analysis

Total RNA extraction from BM-derived EVs was performed using the RNeasy mini
extraction kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions. The
MiRNA concentration was measured on a BioAnalyzer 2100 (Agilent, Santa Clara, CA, USA)
according to the manufacturer’s instructions. Briefly, the concentrations of the samples to
be measured were standardised according to the total RNA concentration, as measured
by NanoDrop (ThermoFisher, Waltham, MA, USA), between 20 ng/µL and 50 ng/µL
depending on the available sample amount. These were then loaded onto the BioAnalyzer
small RNA chip (Agilent, part number 5067-1548) and read by the BioAnalyzer 2100.
The resultant miRNA concentration was calculated by multiplying the measured miRNA
concentration by the dilution factor of the sample, yielding the miRNA concentration in
the undiluted sample.

4.5. nCounter Analysis of BM-Derived EV miRNAs and Their Quantitative Validation by
Real-Time Polymerase Chain Reaction (RT-PCR)

An nCounter Mouse v1.5 miRNA Expression Panel including 800 miRNAs
(NanoString Technologies, Seattle, WA, USA) was used to analyse the levels of miRNA
expression in EVs, according to the manufacturer’s instructions. MiRNA expression was
analysed in four biological replicates in each experimental group (0 Gy, 0.1 Gy and 3 Gy EV,
respectively). Briefly, the miRNA samples prepared as described above were hybridised
to a miRNA-specific probe, which in turn hybridises to a barcoded fluorescent reporter
specific to that probe; the barcode identifies which miRNA it is attached to. These were
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then fixed to a chip, which was read by the nCounter machine, giving counts based on
recorded fluorescence intensities. This allows for a molecule-by-molecule resolution of the
relative abundance of the miRNA in a sample.

The nCounter-reported raw counts were normalised according to the top 100 miRNAs
using nSolver 4.0 software, and the normalised data were then analysed with BRBArray
Tools, an open-source analysis extension used by the National Cancer Institute [50]. Dose
correlation analysis and heat maps were also generated using BRBArray Tools. Statistical
relevance was tested with DIANA Tools, mirExTra2.0. [51], using the LIMMA statistical
method. The p-value threshold for relevance was set at 0.05.

cDNA synthesis and miRNA analysis by RT-qPCR were carried out by using the
miRCURY™ LNA™ miRNA PCR System (Qiagen). cDNA was prepared from 2 µL RNA
with a concentration of 40 ng/µL in a 10 µL reaction volume. The cDNA was diluted
20-fold and assayed in a 10 µL PCR reaction volume. The amplification was performed in a
Rotor-Gene Q real-time PCR cycler (Qiagen). The following PCR primers (all purchased
from Qiagen) were used: miR-669d-5p (YP00205051), miR-93-5p (YP00204715), miR-504-5p
(YP00204396), miR-467h (YP00205922), miR-706 (YP00205976), miR-709(YP00205463), miR-
1961 (YP00205381), miR-1933-5p (YP00205351), miR-181c-5p (YP00204683), miR-338-5p
(YP00204114), miR-34b-5p (YP00205075), miR-761 (YP00205475), miR-129-5p (YP00204534)
and miR-708-5p (YP00204490). The amplification curves were analysed using the Rotor-
Gene Q Series software (software version 2.1.0.9) both for the determination of quantifica-
tion cycles and for the melting curve (Tm) analysis. In order for the data to be considered
for further analysis, the following criteria had to be met: appropriate melting curves,
Tm had to be within known specifications for the assay and the Cq value had to be ≤37.
The relative concentration of each miRNA was calculated by the Rotor-Gene Q software,
where sham-irradiated (0 Gy) samples were used as controls. To achieve optimal relative
expression results, mmu-miR-423-3p was used as a normaliser, since mmu-miR-423-3p was
present in a constant and well-detectable concentration in BM-derived EVs, which did not
change due to 0.1 Gy or 3 Gy irradiation.

4.6. Western Blot Analysis of EV and BMC Proteins

BMCs and BM-derived EVs were isolated as described above. After the EV isolation
protein content was measured by the Bradford protein assay kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) using a Synergy HT (Biotek, Winooski, VT, USA) plate reader,
EVs with a 60 µg protein content and 2.6 × 106 BMCs were lysed with radioimmunopre-
cipiation assay (RIPA) lysis buffer containing 2% protease inhibitor (Protease Inhibitor
Cocktail (P8340), Kenilworth, NJ, USA); then, the protein concentration was determined
by the bichinchoninic acid (BCA) assay kit (Pierce™ BCA Protein Assay Kit, Thermo
Fisher Scientific, Waltham, MA, USA). For further steps, 40 µg protein was precipitated by
trichloroacetic acid (TCA) solution (one part of the TCA was added to three parts of the
protein solution), incubated on ice for 5 min and pelleted at 3800× g and 4 ◦C for 5 min. The
pellet was washed with ice-cold acetone twice, and the protein samples were diluted 1:2 in
2× Laemmli buffer (Bio-Rad Hercules, CA, USA) supplemented with β-mercaptoetanol,
boiled at 95 ◦C for 5 min and cooled on ice for 5 min before loading on the gel. A total of
40 µg of the protein was loaded and electrophoresed on 4–20% sodium dodecyl sulphate-
polyacrylamide (SDS-PAGE) gel (4–20% Mini-PROTEAN® TGX™ Precast Protein Gels,
Bio-Rad Hercules, CA, USA) and transferred to a polyvinylidene fluoride (PVDF) mem-
brane. After blotting, the PVDF membrane was blocked with blocking buffer (containing
3% bovine serum albumin (BSA) in Tris Buffered Saline, with Tween 20) at room tempera-
ture (RT) for 30 min. The blocked membrane was incubated with the primary antibodies:
recombinant Anti-ATG4B (ab154843), H2AFV Polyclonal Antibody (PA5109802) and beta
Actin Polyclonal Antibody (PA1-183) (Thermo Fisher Scientific, Waltham, MA, USA) at RT
for 2 h, followed by 1 h of incubation with horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (Goat Anti-Rabbit IgG H&L (HRP), (ab6721 Abcam). Antibodies
were diluted in the blocking buffer according to the manufacturer’s instructions. As a
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protein standard, the Spectra™ Multicolor Broad Range Protein Ladder was used (Thermo
Fisher Scientific). The membrane was washed in Tris-buffered saline-tween buffer three
times, and protein bands were visualised using 3,3′-diaminobenzidine substrate (Pierce™
DAB Substrate Kit, Thermo Fisher Scientific) by the chromogenic method. The density of
each protein band was recorded and analysed by ImageJ software (Image Processing and
Analysis in Java, National Institutes of Health, Bethesda, MD, USA). The measured density
values were normalised to the density value of the loading control, β-actin.

4.7. Mass Spectrometry (MS) Sample Preparation and Measurement

BMCs from directly irradiated mice (n = 3 for 0 Gy BM, n = 4 for 0.1 Gy and 3 Gy
BM) as well as BMCs co-cultured with BM-derived EVs from irradiated mice (n = 4 for
0 Gy BM + EV, n = 5 for 0.1 Gy BM + EV, 3 Gy BM + EV) were placed in 100 µL RIPA
buffer (Thermo Fisher Scientific) that contained 25 mM Tris.HCl ph 7.6, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate and 0.1% SDS and incubated at 4 ◦C for 30 min [52].
They were then subjected to an ice-cold sonication bath for 30 s and another incubation
(4 ◦C, 15 min). The protein concentration of the individual samples was determined using a
BCA assay following the instruction manual (Thermo Fisher Scientific) on an Infinite M200
Spectrophotometer (Tecan GmbH, Crailsheim, Germany). BSA was used as an internal
standard.

A total of 10 µg of the sample was enzymatically digested using a modified filter-
aided sample preparation (FASP) protocol, as described in [53,54]. Peptides were stored at
−20 ◦C until the MS measurement.

The MS measurement was performed in the data-dependent (DDA) mode. MS data
were acquired on a Q Exactive (QE) high-field (HF) mass spectrometer (Thermo Fisher
Scientific Inc.), as described in [55].

4.8. MS Data Processing and Protein Identification

Proteome Discoverer 2.4 software (Thermo Fisher Scientific; version 2.4.1.15) was used
for peptide and protein identification via a database search (Sequest HT search engine)
against the Swissprot mouse database (Release 2020_02, 17061 sequences), considering full
tryptic specificity and allowing for up to one missed tryptic cleavage site, a precursor mass
tolerance of 10 ppm and a fragment mass tolerance of 0.02 Da. Carbamidomethylation of
cysteine was set as a static modification. Dynamic modifications included the deamidation
of asparagine and glutamine, the oxidation of methionine and a combination of methionine
loss with acetylation on protein N-terminus. The percolator was used for validating peptide
spectrum matches and peptides, accepting only the top-scoring hit for each spectrum and
satisfying the cut-off values for FDR < 1% and a posterior error probability < 0.01. The final
list of proteins complied with the strict parsimony principle.

A schematic illustration of the workflow used for MS data processing and protein
identification can be seen in Supplementary Figure S3.

4.9. Data Processing and Label-Free Quantification

The quantification of proteins was based on the area value of the abundance values
for unique plus razor peptides. Abundance values were normalised in a retention time-
dependent manner to account for sample loading errors. The protein abundances were
calculated by summing up the abundance values for admissible peptides. The final protein
ratio was calculated using the median abundance values of three replicate analyses each.
The statistical significance of the ratio change was ascertained by employing the t-test
approach described in [56], which is based on the presumption that we look for expression
changes for proteins that are just a few in number in comparison to the number of total
proteins being quantified. The quantification variability of the non-changing “background”
proteins can be used to infer which proteins change their expression in a statistically
significant manner.
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The T-test was solely used for pairwise comparisons of two conditions. The following
pairwise conditions were compared: (0.1 Gy BM)/(0 Gy BM); (3 Gy BM)/(0 Gy BM);
(0.1 Gy BM + EV)/(0 Gy BM + EV); (3 Gy BM + EV)/(0 Gy BM + EV).

Proteins identified with an FDR <1% and a fold change above ±1.33 in treated samples,
along with a Benjamini–Hochberg adjusted p-value < 0.05, were considered deregulated.

4.10. Pathway Analysis of Significantly Altered EV-Derived miRNAs and BMC Proteins

Statistically significant miRNAs differentially expressed in the EVs from irradiated
mice were used in the miRNA functional KEGG pathway analysis, which was performed
with DIANA mirPath v.3. Experimentally validated interactions from TarBase v.8
(http://www.microrna.gr/tarbase (accessed on 20 September 2022)) [57] were used pri-
marily, and data generated by the microT-CDS algorithm [58] were used only if no experi-
mentally validated interaction was found for the miRNA. The p-value threshold was set
at <0.05.

For protein analysis, all four treatment groups (0.1 Gy or 3 Gy directly irradiated BMCs,
and BMCs treated with 0.1 Gy- or 3 Gy-irradiated EVs) were considered separately, and the
results were compared to their respective controls (either 0 Gy sham-irradiated or treated
with BM-derived EVs from 0 Gy-irradiated mice) and to each other. Only significantly
deregulated proteins based on MS analysis were included in the analysis, where the official
gene symbol of the proteins was used in the query data. To calculate the number of protein–
protein interactions (PPI) and form protein clusters, the STRING database version 11.0
(https://string-db.org/ (accessed on 12 September 2022)) was used. In the analysis, all
interaction sources (text mining, experiments, databases, co-expression, neighbourhood,
gene fusion, co-occurrence) were used, and the minimum required interaction score was
0.4 (medium confidence); protein clustering was performed using the MCL clustering
algorithm within STRING. Pathway annotations and enrichment analysis were performed
with the pathDIP database, version 4.0.7.0 (http://ophid.utoronto.ca/pathDIP/ (accessed
on 19 September 2022)), which is an annotated database integrating data from several
pathway databases. The advantage of using PathDIP was that it gave a greater protein
coverage by using both literature-curated (core), orthologue and extended pathways.
Extended pathways integrate core pathways with experimentally detected and orthologous
PPIs. PPIs are either experimentally detected or high-confidence computationally predicted.
Due to the pathway extension method, more than 36,000 pathway orphans (proteins with
no annotations available in curated or orthologue pathways) could be annotated in sixteen
non-human organisms, which led to a 9.56 times increase in the protein coverage in
model organisms [59]. In our PathDIP analysis, we only considered data originating
from the KEGG database in order to use similar conditions as in the microRNA pathway
analysis. We used extended pathway associations, where core pathways were integrated
with experimentally detected and orthologous PPIs with a minimum confidence level
of protein–pathway association predictions of 0.95. Only significant pathways (p < 0.05)
were considered.

To detect possible interactions between the significantly altered proteins and
microRNAs, two databases were used: Tarbase for experimentally validated interactions and
miRDB (http://mirdb.org/ (accessed on 20 September 2022)) [60] for predicted interactions.

4.11. Statistical Analysis

Data are presented as the mean ± standard deviation (SD). If no other method was
indicated, than Students’s t-test was applied to determine statistical significance using
GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA, USA). Data
were considered statistically significant if the p-value was lower than 0.05. For the dose
correlation calculation, Pearson Correlation was used. To identify significantly altered
miRNAs, the LIMMA method was used in DIANA mirExTra 2.0.
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5. Conclusions

In this study, we identified differentially expressed miRNAs in the BM-derived EVs
from mice irradiated with low- or high-dose IR. We showed that miRNAs regulated
pathways related to the IR response and to normal and malignant BM functioning. The
miRNA profile of the EVs was only moderately affected by low-dose irradiation, but
the deregulated miRNAs were involved in pathways that are important for a healthy
bone marrow, such as signalling pathways regulating the pluripotency of stem cells and
mitochondria-related biological processes. These data indicate that oxidative stress after
low-dose irradiation can be transferred by EV-derived miRNAs to non-irradiated bone
marrow cells in a bystander manner.

We performed detailed proteomic analysis of either directly irradiated BMCs or those
treated with EVs from irradiated mice. Several proteins, protein clusters and protein path-
ways were in common between directly irradiated and EV-treated BMCs, most probably
representing biological processes transmitted via EVs in a bystander manner. One such
important common process was the induction of oxidative stress after low-dose direct
irradiation and treatment with EVs from low-dose irradiated mice. While pathways related
to the DNA damage response were altered in both high-dose-irradiated BMCs and in BMCs
treated with 3 Gy EVs, there was an important difference at the protein level. In directly
irradiated cells, protein clusters indicated alterations in processes directly involved in DNA
damage recognition, repair and processes linked to the epigenetic control of the IR response
such as chromatin remodelling or histone methylation. In the EV-treated cells, only protein
clusters involved in biological processes related to chromatin remodelling and histone
modifications were present, which we think indicates that EVs can transmit factors influ-
encing the DNA damage response pathway only via epigenetic mechanisms. We are not
aware of other studies comparing direct and EV-induced changes in the proteomic profile
of BMCs after irradiation. Since EV-derived miRNAs have important roles in regulating
cellular processes in EV acceptor cells, pathways regulated by differentially expressed
miRNAs in the EVs and altered protein pathways in BMCs treated with BM-derived EVs
were compared. Certain important pathways altered in BMCs treated with 3 Gy EVs
were identified as also regulated by miRNAs differentially expressed in 3 Gy EVs such
as the cell cycle and myeloid leukaemia. Within these common pathways, direct interac-
tions were shown between six miRNAs (mmu-miR-706, mmu-miR-709, mmu-miR-761,
mmu-miR-669g, mmu-miR-129-5p and mmu-miR-1942) and eleven proteins (Atg4b, Calu,
H2afv, Krt16, Rtf1, Snca, Tgm2, Ube2c, Clic4, Dnajb6 and Eif2b1), which might represent
potential biomarkers indicative of EV-mediated effects. The existence of such common
pathways indicates that miRNAs can induce functional changes in EV acceptor cells,
strengthening the possible regulatory role of EV-derived miRNAs. Nevertheless, the ma-
jority of altered protein pathways could not be linked with miRNA-regulated pathways,
indicating that miRNAs are involved in the regulation of certain but not all EV-mediated
bystander effects, and other molecules comprising the EV cargo also have their role. In
order to understand IR-induced bystander signals mediated by EVs, it is important to
perform the complex characterisation of EV cargo changes after IR and to link them to
biological processes in the EV acceptor cells. Since bystander responses are very impor-
tant modulators of radiation damage, a better knowledge of these processes helps in an
improved understanding of tissue responses to IR and in the estimation of long-term risks
after radiation exposure.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms24108607/s1.

Author Contributions: Conceptualisation: K.L., C.B. and S.T.; methodology: K.L., S.T., C.B., I.B.C.,
E.A.R., P.S. and B.J.; software: I.B.C., E.A.R., P.S. and C.v.T.; validation: T.S., I.B.C., K.L. and G.S.;
formal analysis: I.B.C.; investigation: I.B.C., E.A.R., P.S., L.C.-G., C.v.T., D.K. and M.F.; resources: K.L.,
S.T. and C.B.; data curation: P.S., E.A.R. and K.L.; writing—original draft preparation: K.L., I.B.C.
and E.A.R.; writing—review and editing: I.B.C., C.v.T., K.L. and G.S.; visualisation: I.B.C. and E.A.R.;

55



Int. J. Mol. Sci. 2023, 24, 8607

supervision: K.L., C.B. and S.T.; project administration: K.L.; funding acquisition: K.L., C.B. and S.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Euratom research and training programme 2014–2018
under the grant agreement No 662287.

Institutional Review Board Statement: The animal study protocol was approved by the Budapest
and Pest County Administration Office Food Chain Safety and Animal Health Board (ethical permis-
sion: PE/EA/392-7/2017).

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw proteomic and miRNA profiling data have been uploaded to
the Storedb database (www.storedb.org, accessed on 30 January 2023). Study ID: https://www.
storedb.org/?STOREDB:STUDY1176 (accessed on 30 January 2023), DOI: http://dx.doi.org/10.20348
/STOREDB/1176 (accessed on 30 January 2023).

Acknowledgments: We wish to acknowledge the expert technical assistance of Károly Haller and
Mariann Csabádi in the experimental animal care and handling.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2018,
19, 213–228. [CrossRef] [PubMed]

2. Doyle, L.M.; Wang, M.Z. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose, and Methods for Exosome
Isolation and Analysis. Cells 2019, 8, 727. [CrossRef] [PubMed]

3. Margolis, L.; Sadovsky, Y. The biology of extracellular vesicles: The known unknowns. PLoS Biol. 2019, 17, e3000363. [CrossRef]
[PubMed]

4. Nikitaki, Z.; Mavragani, I.V.; Laskaratou, D.A.; Gika, V.; Moskvin, V.P.; Theofilatos, K.; Vougas, K.; Stewart, R.D.; Georgakilas,
A.G. Systemic mechanisms and effects of ionizing radiation: A new ‘old’ paradigm of how the bystanders and distant can become
the players. Semin. Cancer Biol. 2016, 37–38, 77–95. [CrossRef] [PubMed]

5. Hu, L.; Yin, X.; Zhang, Y.; Pang, A.; Xie, X.; Yang, S.; Zhu, C.; Li, Y.; Zhang, B.; Huang, Y.; et al. Radiation-induced bystander
effects impair transplanted human hematopoietic stem cells via oxidative DNA damage. Blood 2021, 137, 3339–3350. [CrossRef]

6. Dawood, A.; Mothersill, C.; Seymour, C. Low dose ionizing radiation and the immune response: What is the role of non-targeted
effects? Int. J. Radiat. Biol. 2021, 97, 1368–1382. [CrossRef]

7. Hargitai, R.; Kis, D.; Persa, E.; Szatmari, T.; Safrany, G.; Lumniczky, K. Oxidative Stress and Gene Expression Modifications
Mediated by Extracellular Vesicles: An In Vivo Study of the Radiation-Induced Bystander Effect. Antioxidants 2021, 10, 156.
[CrossRef]

8. Jabbari, N.; Karimipour, M.; Khaksar, M.; Akbariazar, E.; Heidarzadeh, M.; Mojarad, B.; Aftab, H.; Rahbarghazi, R.; Rezaie, J.
Tumor-derived extracellular vesicles: Insights into bystander effects of exosomes after irradiation. Lasers Med. Sci. 2020, 35,
531–545. [CrossRef]

9. Kis, D.; Csordas, I.B.; Persa, E.; Jezso, B.; Hargitai, R.; Szatmari, T.; Sandor, N.; Kis, E.; Balazs, K.; Safrany, G.; et al. Extracellular
Vesicles Derived from Bone Marrow in an Early Stage of Ionizing Radiation Damage Are Able to Induce Bystander Responses in
the Bone Marrow. Cells 2022, 11, 155. [CrossRef]

10. Szatmari, T.; Kis, D.; Bogdandi, E.N.; Benedek, A.; Bright, S.; Bowler, D.; Persa, E.; Kis, E.; Balogh, A.; Naszalyi, L.N.; et al.
Extracellular Vesicles Mediate Radiation-Induced Systemic Bystander Signals in the Bone Marrow and Spleen. Front. Immunol.

2017, 8, 347. [CrossRef]
11. Durand, C.; Charbord, P.; Jaffredo, T. The crosstalk between hematopoietic stem cells and their niches. Curr. Opin. Hematol. 2018,

25, 285–289. [CrossRef] [PubMed]
12. Sarvar, D.P.; Effatpanah, H.; Akbarzadehlaleh, P.; Shamsasenjan, K. Mesenchymal stromal cell-derived extracellular vesicles:

Novel approach in hematopoietic stem cell transplantation. Stem Cell Res. Ther. 2022, 13, 202. [CrossRef] [PubMed]
13. Szatmari, T.; Persa, E.; Kis, E.; Benedek, A.; Hargitai, R.; Safrany, G.; Lumniczky, K. Extracellular vesicles mediate low dose

ionizing radiation-induced immune and inflammatory responses in the blood. Int. J. Radiat. Biol. 2019, 95, 12–22. [CrossRef]
[PubMed]

14. Kis, D.; Persa, E.; Szatmari, T.; Antal, L.; Bota, A.; Csordas, I.B.; Hargitai, R.; Jezso, B.; Kis, E.; Mihaly, J.; et al. The effect of ionising
radiation on the phenotype of bone marrow-derived extracellular vesicles. Br. J. Radiol. 2020, 93, 20200319. [CrossRef]

15. Major, I.R.; Mole, R.H. Myeloid leukaemia in X-ray irradiated CBA mice. Nature 1978, 272, 455–456. [CrossRef]
16. Alberro, A.; Iparraguirre, L.; Fernandes, A.; Otaegui, D. Extracellular Vesicles in Blood: Sources, Effects, and Applications. Int. J.

Mol. Sci. 2021, 22, 8163. [CrossRef]

56



Int. J. Mol. Sci. 2023, 24, 8607

17. Mutschelknaus, L.; Azimzadeh, O.; Heider, T.; Winkler, K.; Vetter, M.; Kell, R.; Tapio, S.; Merl-Pham, J.; Huber, S.M.; Edalat,
L.; et al. Radiation alters the cargo of exosomes released from squamous head and neck cancer cells to promote migration of
recipient cells. Sci. Rep. 2017, 7, 12423. [CrossRef]

18. Pazzaglia, S.; Tanno, B.; De Stefano, I.; Giardullo, P.; Leonardi, S.; Merla, C.; Babini, G.; Tuncay Cagatay, S.; Mayah, A.;
Kadhim, M.; et al. Micro-RNA and Proteomic Profiles of Plasma-Derived Exosomes from Irradiated Mice Reveal Molecular
Changes Preventing Apoptosis in Neonatal Cerebellum. Int. J. Mol. Sci. 2022, 23, 2169. [CrossRef]

19. Shi, X.; Wang, B.; Feng, X.; Xu, Y.; Lu, K.; Sun, M. circRNAs and Exosomes: A Mysterious Frontier for Human Cancer. Mol. Ther.

Nucleic Acids 2020, 19, 384–392. [CrossRef]
20. Wang, D.; Ming, X.; Xu, J.; Xiao, Y. Circ_0009910 shuttled by exosomes regulates proliferation, cell cycle and apoptosis of acute

myeloid leukemia cells by regulating miR-5195-3p/GRB10 axis. Hematol. Oncol. 2021, 39, 390–400. [CrossRef]
21. Hinger, S.A.; Cha, D.J.; Franklin, J.L.; Higginbotham, J.N.; Dou, Y.; Ping, J.; Shu, L.; Prasad, N.; Levy, S.; Zhang, B.; et al. Diverse

Long RNAs Are Differentially Sorted into Extracellular Vesicles Secreted by Colorectal Cancer Cells. Cell Rep. 2018, 25, 715–725.e4.
[CrossRef] [PubMed]

22. Li, Y.; Zhao, J.; Yu, S.; Wang, Z.; He, X.; Su, Y.; Guo, T.; Sheng, H.; Chen, J.; Zheng, Q.; et al. Extracellular Vesicles Long RNA
Sequencing Reveals Abundant mRNA, circRNA, and lncRNA in Human Blood as Potential Biomarkers for Cancer Diagnosis.
Clin. Chem. 2019, 65, 798–808. [CrossRef] [PubMed]

23. Ariyoshi, K.; Miura, T.; Kasai, K.; Fujishima, Y.; Nakata, A.; Yoshida, M. Radiation-Induced Bystander Effect is Mediated by
Mitochondrial DNA in Exosome-Like Vesicles. Sci. Rep. 2019, 9, 9103. [CrossRef] [PubMed]

24. Baba, T.; Yoshida, T.; Tanabe, Y.; Nishimura, T.; Morishita, S.; Gotoh, N.; Hirao, A.; Hanayama, R.; Mukaida, N. Cytoplasmic DNA
accumulation preferentially triggers cell death of myeloid leukemia cells by interacting with intracellular DNA sensing pathway.
Cell Death Dis. 2021, 12, 322. [CrossRef]

25. Li, Z.; Jella, K.K.; Jaafar, L.; Moreno, C.S.; Dynan, W.S. Characterization of exosome release and extracellular vesicle-associated
miRNAs for human bronchial epithelial cells irradiated with high charge and energy ions. Life Sci. Space Res. 2021, 28, 11–17.
[CrossRef]

26. Song, M.; Xie, D.; Gao, S.; Bai, C.J.; Zhu, M.X.; Guan, H.; Zhou, P.K. A Biomarker Panel of Radiation-Upregulated miRNA as
Signature for Ionizing Radiation Exposure. Life 2020, 10, 361. [CrossRef]

27. Małachowska, B.; Tomasik, B.; Stawiski, K.; Kulkarni, S.; Guha, C.; Chowdhury, D.; Fendler, W. Circulating microRNAs as
Biomarkers of Radiation Exposure: A Systematic Review and Meta-Analysis. Int. J. Radiat. Oncol. Biol. Phys. 2020, 106, 390–402.
[CrossRef]

28. Moertl, S.; Buschmann, D.; Azimzadeh, O.; Schneider, M.; Kell, R.; Winkler, K.; Tapio, S.; Hornhardt, S.; Merl-Pham, J.; Pfaffl, M.W.;
et al. Radiation Exposure of Peripheral Mononuclear Blood Cells Alters the Composition and Function of Secreted Extracellular
Vesicles. Int. J. Mol. Sci. 2020, 21, 2336. [CrossRef]

29. Tharmalingam, S.; Sreetharan, S.; Kulesza, A.V.; Boreham, D.R.; Tai, T.C. Low-Dose Ionizing Radiation Exposure, Oxidative Stress
and Epigenetic Programing of Health and Disease. Radiat. Res. 2017, 188, 525–538. [CrossRef]

30. Veeraraghavan, J.; Natarajan, M.; Herman, T.S.; Aravindan, N. Low-dose γ-radiation-induced oxidative stress response in mouse
brain and gut: Regulation by NFκB-MnSOD cross-signaling. Mutat. Res. 2011, 718, 44–55. [CrossRef]

31. Rodrigues-Moreira, S.; Moreno, S.G.; Ghinatti, G.; Lewandowski, D.; Hoffschir, F.; Ferri, F.; Gallouet, A.S.; Gay, D.; Motohashi, H.;
Yamamoto, M.; et al. Low-Dose Irradiation Promotes Persistent Oxidative Stress and Decreases Self-Renewal in Hematopoietic
Stem Cells. Cell Rep. 2017, 20, 3199–3211. [CrossRef] [PubMed]

32. Bogdandi, E.N.; Balogh, A.; Felgyinszki, N.; Szatmari, T.; Persa, E.; Hildebrandt, G.; Safrany, G.; Lumniczky, K. Effects of low-dose
radiation on the immune system of mice after total-body irradiation. Radiat. Res. 2010, 174, 480–489. [CrossRef] [PubMed]

33. Lumniczky, K.; Impens, N.; Armengol, G.; Candeias, S.; Georgakilas, A.G.; Hornhardt, S.; Martin, O.A.; Rodel, F.; Schaue, D. Low
dose ionizing radiation effects on the immune system. Environ. Int. 2021, 149, 106212. [CrossRef] [PubMed]

34. Hekim, N.; Cetin, Z.; Nikitaki, Z.; Cort, A.; Saygili, E.I. Radiation triggering immune response and inflammation. Cancer Lett.

2015, 368, 156–163. [CrossRef]
35. Shimura, N.; Kojima, S. Effects of low-dose-gamma rays on the immune system of different animal models of disease. Dose-

Response A Publ. Int. Hormesis Soc. 2014, 12, 429–465. [CrossRef]
36. McBride, W.H.; Schaue, D. Radiation-induced tissue damage and response. J. Pathol. 2020, 250, 647–655. [CrossRef]
37. Ward, J.F. DNA damage produced by ionizing radiation in mammalian cells: Identities, mechanisms of formation, and reparability.

Prog. Nucleic Acid Res. Mol. Biol. 1988, 35, 95–125. [CrossRef]
38. Hariharan, P.V.; Hutchinson, F. Neutral sucrose gradient sedimentation of very large DNA from Bacillus subtilis: II. Double-strand

breaks formed by gamma ray irradiation of the cells. J. Mol. Biol. 1973, 75, 479–494. [CrossRef]
39. Morales, A.; Miranda, M.; Sánchez-Reyes, A.; Biete, A.; Fernández-Checa, J.C. Oxidative damage of mitochondrial and nuclear

DNA induced by ionizing radiation in human hepatoblastoma cells. Int. J. Radiat. Oncol. Biol. Phys. 1998, 42, 191–203. [CrossRef]
40. Rainaldi, G.; Ferrante, A.; Indovina, P.L.; Santini, M.T. Induction of apoptosis or necrosis by ionizing radiation is dose-dependent

in MG-63 osteosarcoma multicellular spheroids. Anticancer. Res. 2003, 23, 2505–2518.
41. Katsura, M.; Cyou-Nakamine, H.; Zen, Q.; Zen, Y.; Nansai, H.; Amagasa, S.; Kanki, Y.; Inoue, T.; Kaneki, K.; Taguchi, A.; et al.

Effects of Chronic Low-Dose Radiation on Human Neural Progenitor Cells. Sci. Rep. 2016, 6, 20027. [CrossRef] [PubMed]

57



Int. J. Mol. Sci. 2023, 24, 8607

42. Karabulutoglu, M.; Finnon, R.; Cruz-Garcia, L.; Hill, M.A.; Badie, C. Oxidative Stress and X-ray Exposure Levels-Dependent
Survival and Metabolic Changes in Murine HSPCs. Antioxidants 2021, 11, 11. [CrossRef] [PubMed]

43. Sampadi, B.; Vermeulen, S.; Mišovic, B.; Boei, J.J.; Batth, T.S.; Chang, J.G.; Paulsen, M.T.; Magnuson, B.; Schimmel, J.; Kool, H.;
et al. Divergent Molecular and Cellular Responses to Low and High-Dose Ionizing Radiation. Cells 2022, 11, 3794. [CrossRef]
[PubMed]

44. Henry, E.; Souissi-Sahraoui, I.; Deynoux, M.; Lefèvre, A.; Barroca, V.; Campalans, A.; Ménard, V.; Calvo, J.; Pflumio, F.; Arcangeli,
M.L. Human hematopoietic stem/progenitor cells display reactive oxygen species-dependent long-term hematopoietic defects
after exposure to low doses of ionizing radiations. Haematologica 2020, 105, 2044–2055. [CrossRef] [PubMed]

45. Kumar, B.; Garcia, M.; Weng, L.; Jung, X.; Murakami, J.L.; Hu, X.; McDonald, T.; Lin, A.; Kumar, A.R.; DiGiusto, D.L.; et al. Acute
myeloid leukemia transforms the bone marrow niche into a leukemia-permissive microenvironment through exosome secretion.
Leukemia 2018, 32, 575–587. [CrossRef]

46. Shahrokh, B.; Allahbakhshian, F.M.; Ahmad, G.; Fatemeh, F.; Hossein, M.M. AML-derived extracellular vesicles negatively
regulate stem cell pool size: A step toward bone marrow failure. Curr. Res. Transl. Med. 2022, 71, 103375. [CrossRef]

47. Meziani, F.; Tesse, A.; David, E.; Martinez, M.C.; Wangesteen, R.; Schneider, F.; Andriantsitohaina, R. Shed membrane particles
from preeclamptic women generate vascular wall inflammation and blunt vascular contractility. Am. J. Pathol. 2006, 169,
1473–1483. [CrossRef]

48. Dutta, S.; Warshall, C.; Bandyopadhyay, C.; Dutta, D.; Chandran, B. Interactions between exosomes from breast cancer cells
and primary mammary epithelial cells leads to generation of reactive oxygen species which induce DNA damage response,
stabilization of p53 and autophagy in epithelial cells. PLoS ONE 2014, 9, e97580. [CrossRef]

49. van Meteren, N.; Lagadic-Gossmann, D.; Podechard, N.; Gobart, D.; Gallais, I.; Chevanne, M.; Collin, A.; Burel, A.; Dupont, A.;
Rault, L.; et al. Extracellular vesicles released by polycyclic aromatic hydrocarbons-treated hepatocytes trigger oxidative stress in
recipient hepatocytes by delivering iron. Free. Radic. Biol. Med. 2020, 160, 246–262. [CrossRef]

50. Simon, R.; Lam, A.; Li, M.C.; Ngan, M.; Menenzes, S.; Zhao, Y. Analysis of gene expression data using BRB-ArrayTools. Cancer

Inform. 2007, 3, 11–17. [CrossRef]
51. Vlachos, I.S.; Zagganas, K.; Paraskevopoulou, M.D.; Georgakilas, G.; Karagkouni, D.; Vergoulis, T.; Dalamagas, T.; Hatzigeorgiou,

A.G. DIANA-miRPath v3.0: Deciphering microRNA function with experimental support. Nucleic Acids Res. 2015, 43, W460–W466.
[CrossRef] [PubMed]

52. Subedi, P.; Schneider, M.; Philipp, J.; Azimzadeh, O.; Metzger, F.; Moertl, S.; Atkinson, M.J.; Tapio, S. Comparison of methods to
isolate proteins from extracellular vesicles for mass spectrometry-based proteomic analyses. Anal. Biochem. 2019, 584, 113390.
[CrossRef] [PubMed]

53. Grosche, A.; Hauser, A.; Lepper, M.F.; Mayo, R.; von Toerne, C.; Merl-Pham, J.; Hauck, S.M. The Proteome of Native Adult Müller
Glial Cells From Murine Retina. Mol. Cell. Proteom. MCP 2016, 15, 462–480. [CrossRef] [PubMed]
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Abstract: Research in normal tissue radiobiology is in continuous progress to assess cellular response
following ionizing radiation exposure especially linked to carcinogenesis risk. This was observed
among patients with a history of radiotherapy of the scalp for ringworm who developed basal cell
carcinoma (BCC). However, the involved mechanisms remain largely undefined. We performed
a gene expression analysis of tumor biopsies and blood of radiation-induced BCC and sporadic
patients using reverse transcription-quantitative PCR. Differences across groups were assessed by
statistical analysis. Bioinformatic analyses were conducted using miRNet. We showed a significant
overexpression of the FOXO3a, ATM, P65, TNF-α and PINK1 genes among radiation-induced BCCs
compared to BCCs in sporadic patients. ATM expression level was correlated with FOXO3a. Based
on receiver-operating characteristic curves, the differentially expressed genes could significantly
discriminate between the two groups. Nevertheless, TNF-α and PINK1 blood expression showed
no statistical differences between BCC groups. Bioinformatic analysis revealed that the candidate
genes may represent putative targets for microRNAs in the skin. Our findings may yield clues as
to the molecular mechanism involved in radiation-induced BCC, suggesting that deregulation of
ATM-NF-kB signaling and PINK1 gene expression may contribute to BCC radiation carcinogene-
sis and that the analyzed genes could represent candidate radiation biomarkers associated with
radiation-induced BCC.

Keywords: radiotherapy; radiation-induced BCC; low-dose effects; DNA repair; ATM-NF-kb
signaling; PINK1 gene; microRNA; biomarkers

1. Introduction

Basal cell carcinoma (BCC) is the most frequent skin cancer, accounting for 90% of
cutaneous cancer, and the most common human malignancy worldwide, characterized by
an increasing incidence [1]. According to the Global Cancer Observatory (GLOBOCAN)
database,1,198,073 new cases of non-melanoma skin cancer, including BCC, were reported
in 2020 [2]. While ultraviolet radiation (UV) is the most known carcinogen involved in skin
malignancy, ionizing radiation (IR) exposure is an established etiological risk factor. In
fact, radiotherapy is a standard treatment regimen for numerous solid tumors, and it was
adopted for the treatment of some benign lesions of the skin, notably ringworm of the scalp
(tinea capitis) [3]. Indeed, epidemiological studies have reported that previous depilatory
radiotherapy is associated with a fourfold increased risk of cutaneous malignancy in
irradiated skin, primarily BCC [4]. BCC occurs after a long period, up to decades after
exposure, as a late effect of irradiation, with an inverse correlation between carcinogenesis
risk and age at radiation exposure [5,6].
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In addition, conflicting data exist concerning the clinical profile and the prognosis
of radio-induced BCC compared to BCC in sporadic cases. Although some studies have
reported a similar clinical course independently of radiotherapy history, other reports
have described a more aggressive response associated with higher recurrence rates and
difficult-to-treat radiation-induced BCC [7–9].

Aberrant activation of Hedgehog signaling is defined as a key common driver of
BCC development. Moreover, high-throughput analyses have highlighted the potential
contribution of other signaling pathways in BCC tumorigenesis, notably the WNT, Hippo,
NOTCH, and mTOR pathways [10,11]. Nevertheless, little attention has been paid to the un-
derlying molecular mechanisms involved in radiation-induced BCC, and studies that were
conducted to identify molecular signatures unique to these tumors are controversial [12,13].
It was suggested that identifying the molecular link between the DDR pathway and Hedge-
hog signaling could unveil the pathogenesis of BCC developed post-radiotherapy [14].

Furthermore, studies based on genomic and transcriptomic profiling are ongoing
to decipher the molecular mechanisms of radiogenic cancer and to identify molecular
signatures that are discriminatory between radio-induced cancer and its sporadic counter-
part. These were explored notably in radiation-induced hematological malignancies [15],
sarcoma [16] and thyroid cancer [17]. While some reports have revealed molecular patterns
unique to radiation-induced cancer with a lack of consistency, others have failed to identify
these signatures, and the mechanisms underlying radiation-induced carcinogenesis are still
largely misunderstood [18–20]. In fact, IR induces double-strand DNA breaks (DSBs) which
activate ATM protein, a master regulator of the DNA damage response (DDR) pathway,
leading subsequently to a cascade of cellular responses that may ultimately contribute to
different cell fates [21]. It was reported that different signaling pathways are activated in
response to IR in normal and tumor cells, including cellular senescence [22], mitochon-
drial signaling [23], inflammation [24], oxidative stress response [25], autophagy [26] and
microRNA signaling [27–29]. Indeed, it was suggested that tumor recurrence following
radiotherapy may be explained by radiation-induced cellular senescence of adjacent normal
cells surrounding the tumor [22,30,31].

In this study, we aimed to decipher the molecular mechanism(s) of radiation-induced
BCC tumorigenesis by investigating the expression patterns of genes of interest in radio-
induced BCC and exploring their potential usefulness as candidate biomarkers specific to
this tumoral entity. Moreover, we aimed to study the microRNA-mRNA regulatory network
to understand the potential contribution of microRNA regulators in this pathogenesis.
Our results identified differential gene expression between radiation-induced and non-
radiation-induced BCC, suggesting that the deregulation of ATM-NF-kB signaling and
PINK1 expression could be involved in the pathogenesis of radiation-induced BCC.

2. Results

2.1. Clinical Features of BCC Patients

Patients were separated into two groups depending on history of radiotherapy of the
scalp for tinea capitis during their childhood: radiation-induced (radio-induced) BCC and
non-radiation-induced (non-radio-induced) BCC developed in sporadic patients.

According to the experience of the referral center, the “Dermatology department of
Habib Thameur Hospital”, the majority of patients treated with radiotherapy for tinea
capitis develop nodular BCC on the scalp.

To avoid any bias due to patient selection that may have affected gene expression
levels, the patients enrolled in both groups were selected to match different parameters
(age at BCC diagnosis, UV exposure, etc.) as closely as possible. All collected tumors were
localized on the face (six cases) and on the scalp (two cases). All tumors were primary BCCs.
Mean age at diagnosis was 66.25 and 65.5 for the radio-induced and non-radio-induced
groups, respectively. The tumors were of nodular or adenoid histology independently of ra-
diation etiology. The majority of patients, especially radio-BCC patients, showed multiples
lesions. Adenoid tumors coexisted with basosquamous carcinoma at the same anatomical
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site or with morphea form BCC ata nearby site in the cases of BCC2 and BCC5, respectively.
Basosquamous carcinoma and morphea form BCC are aggressive BCC subtypes. Within
our cohort, BCC patients presented different clinical phenotypes (according to the numbers
and sites of lesions and histopathological subtypes) independently of IR exposure. Clinical
and anatomopathological parameters were obtained from medical records and are sum-
marized in Table 1. Different clinical and histopathological BCC subtypes are presented in
Figures 1 and 2 respectively.

Table 1. Patients’ characteristics.

Patient Gender Ethnicity Age History of Radiotherapy Histology Tumor Size Multifocality Tumor Location

BCC2 M Tunisia 60 Yes Adenoid 3 cm Yes (n = 7) Temporal region
of the face

BCC4 M Tunisia 60 Yes Adenoid 3 cm Yes (n = 2) Temporal region
of the face

BCC5 M Tunisia 79 No Adenoid 1 cm Yes (n = 3) Temporal region
of the face

BCC8 M Tunisia 85 Yes Nodular 2.5 cm No Scalp
BCC12 F Tunisia 63 No Nodular 3 cm Yes (n = 2) Ala of nose
BCC16 M Tunisia 40 No Nodular 3 cm No Ala of nose
BCC19 M Tunisia 80 No Nodular 3 cm No Cheek
BCC22 M Tunisia 60 Yes Nodular 2 cm Yes (n = 2) Scalp

(
) 

 

Figure 1. Radio-induced and non-radio-induced BCC patients. 1-corresponds to a non-radio-induced
BCC patient. 2,3-correspond to two radio-induced patients: 2-presents one small malignant lesion;
3-presents multiple lesions on the scalp. The aggressive form of BCC is independent of radiation
etiology in this cohort.
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Figure 2. Hematoxylin-and-eosin-stained section of BCC tumor tissues representative of different
histopathological subtypes of BCC. (A) Adenoid basal cell carcinoma with pseudo-glandular ap-
pearance. The stroma is fibrous (×100). (B) Nodular subtype of basal cell carcinoma with melanin
deposit (×100). (C) Morphea form basal cell carcinoma with narrow cords of basaloid cells which
are compressed by abundant sclerotic collagenous stroma (×100). (D) Basosquamous basal cell
carcinoma (×100). (E) A focal squamous differentiation (×200). Scale bars = 200 µm for (A–D) and
50 µm for (E).

2.2. Molecular Analysis

All tumors located on the head was selected as an inclusion criterion. This decision
was made in order to exclude any differential gene expression associated with molecular
signatures linked to UV exposure. First, we investigated FOXO3a, ATM, P65, PINK1 and
TNF-α expression in radio-induced BCC and non-radio-induced BCC and in age-matched
healthy controls using the rt-qPCR technique. Our data revealed significant upregulation
of FOXO3a, ATM, P65, PINK1 and TNF-α genes among the radio-induced BCC patients
compared to the non-radio-induced BCC group (p = 0.021 for each of the ATM, P65, PINK1
and TNF-α genes; p = 0.043 for FOXO3a) (Figure 3).

Furthermore, a significant strong positive correlation was observed between ATM
and FOXO3a’ expression among BCC patients using the Pearson correlation test (r = 0.951,
p = 0.000289) (Figure 4). A positive correlation was also observed between ATM and P65
(r = 0.984, p = 0.000009) and between ATM and TNF-α (r = 0.976, p = 0.000036).
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α

Figure 3. Differential gene expression profiles for radio-induced and non-radio-induced BCC biopsies.
Blue box plot: non-radio-induced BCC (NR); green box plot: radio-induced BCC (R). (* = p < 0.05).α

 
Figure 4. Correlation between FOXO3a and ATM expression in BCC patients’ biopsies. Pearson
correlation of FOXO3a and ATM gene expression fold changes among BCC patients revealed a strong
positive correlation of these genes with a Pearson correlation coefficient (r) = 0.951 (p = 0.00289). Each
circle represents the expression levels of both genes for each patient.
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We further examined the potential of FOXO3a, ATM, P65, PINK1 and TNF-α genes to
discriminate between radio-induced and non-radio-induced BCC using ROC curve analysis.
We defined cut-off values of 0.179, 7.956, 7.09, 16.78 and 0.46 for FOXO3a, ATM, P65, PINK1
and TNF-α, respectively, based on the Youden index method. Our results revealed that the
gene expression levels could significantly differentiate between BCC groups (area under the
curve (AUC) = 1, p = 0.021, for the ATM, P65, PINK1 and TNF-α genes, with 100% specificity
and 100% sensitivity, and AUC = 0.938, p = 0.043, with 100% sensitivity and 75% specificity,
for FOXO3a) (Figure 5). In fact, these genes showed an excellent diagnostic performance,
which suggests their usefulness as potential diagnostic biomarkers for radio-induced BCC.

α

α

α

α

α

α

α

Figure 5. ROC curve analysis of differentially expressed genes between radio-induced and non-
radio-induced BCC. ROC analysis for the FOXO3a, ATM, P65, PINK1 and TNF-α genes in different
plots. The p-value is the probability that the observed sample AUC-ROC is found when the true
AUC-ROC is 0.5 (null hypothesis: the variable cannot distinguish between the two groups; area = 0.5
if the ROC coincides with the reference line). We found that the area under the curve is significantly
different from 0.5. ATM, P65, PINK1 and TNF-α have excellent discrimination performance, with
AUCs = 1 (100%specificity and 100% sensitivity). The ROC curve foreach of them passes through the
upper left corner of the plot, while FOXO3a has an ROC curve close to the upper left corner, with an
AUC = 0.938 that represents an excellent diagnostic value.

Subsequently, the expression levels of the TNF-α and PINK1 genes were analyzed in
the blood of patients with BCC to assess their potential as non-invasive biomarkers for
radio-induced BCC. Our data showed a similar expression profile for TNF-α among BCC
patients in both groups (p > 0.05). Inaddition, PINK1 analysis revealed upregulation among
radio-induced BCC compared to non-radio-induced BCC, which was in accordance with
the PINK1 expressionin patients’ biopsies. However, this differential expression failed to
reach statistical significance (p > 0.05) (Figure 6).
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α

Figure 6. Differential gene expression profiles between radio-induced and non-radio-induced BCC in
patients’ blood. Blue box plot: non-radio-induced BCC NR; green box plot: radio-induced BCC R.

2.3. Bioinformatic Analysis

We examined putative interactions between the differentially expressed genes and
microRNAs (miRNAs) in the skin using the miRNet database. An miRNA-target interaction
network was created that included several upstream miRNAs that interact directly with
FOXO3a, ATM, P65, TNF-α and PINK1 mRNAs, representing a complex landscape of
functional associations. Each node represents an mRNA or miRNA (Figure 7). In fact,
miRNAs are intricately involved in the DDR pathway by targeting ATM in the skin.
FOXO3a and ATM had the highest interaction (highest connectivity degree) and hence
were the most important hubs in this network analysis. miR-24-3p was the most important
miRNA regulating the network based on its having the highest node degree (Table 2).
According to the Reactome database, cellular senescence was the most enriched pathway
(p = 0.0026, adj. p < 0.05).

 
Figure 7. miRNA-mRNA interaction network with differentially expressed genes in the skin, con-
structed using miRNet database data.
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Table 2. Top miRNAs and targeted mRNAs in the network interactions determined via miRNet.

Node Degree

FOXO3a 13
ATM 9
RELA 6
TNF 5

hsa-mir-24-3p 4
PINK1 4

hsa-mir-124-3p 3
hsa-mir-155-5p 3
hsa-mir-26a-5p 2
hsa-mir218-5p 2
hsa-mir-27b-3p 2
hsa-mir-22b-3p 2

hsa-mir-22b 2
hsa-mir-let-7b-5p 3

The majority of these miRNAs are described in the literature as IR-responsive and
are primarily involved in cellular senescence (this will be discussed below). Hence, we
suggest that deregulation of these miRNAs in response to IR may affect skin cells’ response
to irradiation, notably linked to the analyzed pathways, which may be associated with the
carcinogenesis process.

3. Discussion

In our study, we aimed to identify differentially expressed genes between radio-
induced and non-radio-induced BCC which may provide insights into the molecular
contributors to or the under pinning sofradio-induced carcinogenesis. To the best of
our knowledge, our study was the first to explore the ATM-NF-kB pathway and PINK1
expression in radio-induced BCC. In addition, we suggest that miRNA regulation of these
pathways may shed light on radio-induced BCC.

BCC represents a significant health and socio-economic burden given its high fre-
quency and incidence [32]. BCC is rarely invasive or metastatic an dis usually associated
with a good prognosis. However, it may lead to significant morbidity due to its locally
destructive potential and its relatively high recurrence rate [33]. In addition, different
BCC entities exist, though the genetic basis of the carcinogenic process and clinical differ-
ences are not fully elucidated [34]. Moreover, it is unclear whether mechanisms of BCC
carcinogenesis differ according to etiological factors.

IR is a well-known risk factor for skin malignancies. Clinical and epidemiological
studies have reported a high rate of BCC cancer following IR exposure, which has primarily
been described in the context of treatment for tinea capitis during childhood [4]. It was
suggested that cancer risk may persist throughout the life of exposed individuals [35].
Conflicting data exist concerning the prognosis of radio-induced BCC.

- Clinical features of radio-induced BCC and non-radio-induced BCC

In the present study, patients were characterized by different clinical profiles indepen-
dently of radiation etiology, presenting adenoid or nodular subtypes. Although nodular
BCC is the most frequent subtype, adenoid tumors are very rare histopathological variants
that are considered low-grade BCCs [36]. Adenoid tumors were isolated or associated
with other subtypes, notably basosquamous and morphea form BCC, for BCC2 and 5,
respectively, which are aggressive BCC subtypes [37,38]. Nodular BCC was classified as a
low-risk tumor according to the WHO classification. According to BCC risk stratification,
BCC8 and BCC19 are associated with an intermediate prognosis, as they are characterized
as nodular subtypes, with sizes> 2 cm, and are located in low-risk areas [39]. Based on the
new BCC classification, tumors may be classified as “easy-to-treat” or “difficult-to-treat”,
which classifications are associated with different clinical outcomes [40,41]. Although some
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tumors included in our study were “easy-to-treat” BCCs, some of them presented specific
features that may pose treatment difficulties, which may be linked to tumor location, as
with BCC12 and BCC16 sporadic cases (located in patients’ noses).These tumors have
a high risk of recurrence. In fact, our data are consistent with a study which reported
that IR exposure does not affect clinical and histopathological features or even patient
prognosis [42]. However, other studies have reported a more aggressive phenotype among
radio-induced BCC [9]. Herein, prognosis was assessed based on clinical prognostic factors.

- Gene expression analysis to decipher radio-induced BCC carcinogenesis mechanisms

Despite radiation exposure being a known carcinogenic factor for BCC, the underlying
molecular mechanisms are not yet fully understood. Although those studies have reported
the absence of molecular signatures that could discriminate between radio-induced and
non-radio-induced BCC, particularly linked to the PTCH and TP53 genes [13,43], it was
suggested that the Hh signaling pathway could be linked to susceptibility to BCC radi-
ation carcinogenesis and that PTCH could contribute to this process [43]. In fact, it was
reported that the genetic background of Ptch-mutated mice may affect susceptibility to
BCC development after IR exposure [44,45]. Furthermore, it was suggested that genomic
instability could explain genetic susceptibility to radio-induced BCC carcinogenesis [46],
which may predispose to mitochondrial DNA mutations [47]. Recently, a genomic charac-
terization of radio-induced BCC versus sporadic cases has revealed specific chromosomal
rearrangements that could discriminate between both groups [12].

- ATM-NF-kB signaling and PINK1-mediated mitophagy in response to irradiation

In our study, we report differentially expressed genes between BCC groups that
are radiation-responsive and mainly involved in IR-driven BCC carcinogenesis. ATM
and FOXO3a expression were significantly increased in BCC biopsies from irradiated
patients compared to sporadic cases. In fact, IR induces DSBs which trigger the DDR
pathway. ATM is a master regulator involved in the coordination of cellular response
to radiation-induced DNA damage and a key determinant of radio-sensitivity [48]. In
addition, ATM expression was significantly correlated with FOXO3a expression level in
BCC patients. This suggests a potential regulation, at least in part, of ATM by FOXO3a
transcription factors. Indeed, it was reported that in the DDR pathway, FOXO3a interacts
directly with ATM, which is required for ATM autophosphorylation, promoting the ATM
response network [49]. However, our findings were in agreement with the fact that FOXO3a
regulates ATM gene expression, which has been reported in hematopoietic stem cells [50].
Nonetheless, it was described that, in response to DNA damage, FOXO3a upregulation
maintains genomic stability and is mediated by H2AX, a downstream target of ATM [51,52].
However, FOXO3a and ATM expression levels were not correlated among three radio-
induced patients, which may suggest that other factors are involved in ATM regulation in
BCC radiation carcinogenesis. Moreover, we revealed upregulation of P65, which coded
for an NF-kB subunit, and of TNF-α, which coded for a pro-inflammatory cytokine and a
senescence-associated secretory phenotype (SASP) factor, among irradiated patients. A
positive correlation was observed between ATM and P65 and between ATM and TNF-α,
which could suggest a molecular link between ATM and NF-kB. In fact, IR triggers cellular
senescence in normal and cancer cells. ATM is a key driver of NF-kB-induced cellular
senescence following DNA damage through the secretion of SASP factors, which enhance
NF-kB signaling in an autocrine manner via cytokine receptors [22]. Our data suggest an
aberrant activation/over-presentation of the ATM-NF-kB signaling pathway in response to
IR. Despite this, we did not directly analyze NF-kb signaling activation. The high expression
levels of TNF-α and P65 are indicative markers of NF-kB activation. A few studies have
been performed to assess the biological effect of IR on human skin cells which revealed
the activation of the DDR pathway, an inflammatory response [53–55], and the expression
of cellular senescence markers [56]. Moreover, in the context of cancer radiotherapy, IR
induced cellular senescence of normal cells adjacent to tumors, leading to either tissue
fibrosis and organ dysfunction or to tumorigenesis [22,30,31]. Indeed, it was suggested that
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transient senescent cells are associated with an anti-tumoral effect, while their accumulation
is linked to a detrimental effect leading to increased cancer susceptibility [57].

Furthermore, ATM plays an important role in mitochondrial responses to irradiation,
following recognition of nuclear DNA damage and subsequent damage signal transduction
to mitochondria, playing an important role in the crosstalk between these two organelles
in irradiated fibroblast cells, which enhance mitochondrial biogenesis and ROS genera-
tion [58]. Although nuclear DNA was primarily considered as a main target of IR, the
involvement of mitochondria as key targets of IR and as contributors to radio-induced cell
impairment is becoming increasingly evident [23,59] and could explain the high risk of
carcinogenesis [60]. Despite the role of mitochondrial dysfunction in response to irradi-
ation being well understood, the involvement of mitochondrial integrity and dynamics
has been less explored. In fact, ATM can promote selective elimination of defective mi-
tochondria, termed mitophagy, via activation of the PINK1/Parkin pathway; however,
the mechanism involved is not fully elucidated. It was described that ATM impacts this
pathway via kinase-dependent [61] or -independent mechanisms through the regulation of
PINK1 (PTEN-induced putative kinase1) expression or interaction with Parkin [62,63]. In
addition, ATM-deficient cells revealed that mitophagy induction following irradiation is
ATM-dependent [64]. We analyzed PINK1 gene expression, a key contributor to mitophagy,
and observed over expression in radio-induced BCC compared to non-radio-induced cases.
In addition, FOXO3a enhances PINK1 gene expression, leading to a pro-survival signal
in response to oxidative stress [65]. This was in accordance with another study which
suggested that under extensive mitochondrial alterations, mitophagy activation enhances
cell survival following irradiation [66]. However, it was suggested that post-irradiation
mitophagy induction could maintain cellular redox control and that disruption of this
pathway leads to tumorigenesis [60]. Another report has described that mitophagy effect
depends on irradiation dose [67].

In summary, our results suggest that the ATM-NF-kB signaling pathway and the
PINK1 gene, related to cellular senescence and mitophagy, are involved in radio-induced
BCC carcinogenesis.

- Biomarkers of radio-induced BCC

ROC curve analysis revealed that the differentially expressed genes could significantly
discriminate between radio-induced BCC and non-radio-induced BCC and may conse-
quently represent candidate radio-induced BCC biomarkers. This could guide further
validation studies aiming to investigate the relevance of these candidate biomarkers with
larger cohorts based on independent sets of samples. Such studies could provide straight-
forward evidence of potential radiation biomarkers and be a step toward understanding
radio-susceptibility to BCC. Indeed, accumulating studies are seeking to identify molecular
peculiarities unique to radiation-induced cancer compared to sporadic counterparts, as they
are often clinically indistinguishable, which may lead to the decipherment of key events
involved in radiation carcinogenesis [15]. Conflicting data have been generated, while
some reports have identified specific signatures associated with molecular fingerprints of
radiation-induced cancer. Others have often described similar molecular patterns indepen-
dently of radiation etiology, and no accurate molecular signature/biomarker has yet been
settled [16,18,68]. Further studies are warranted to untangle the underlying mechanisms.
Therefore, we examined whether these biomarkers in particular, TNF-α and PINK1 could
serve as non-invasive tools by analyzing their expression profiles in patients’ blood. TNF-α
was under-expressed in BCC patients, with a similar pattern independent of radiation
etiology. These data may support that TNF-α alteration was tumor-specific. This finding
was supported by a loop between radio-induced inflammation, mobilization of immune
cells and sustained tissular damage, mediated by DNA damage and SASP factors following
irradiation [69]. However, our results were in discordance with previous studies that
reported persistent systemic inflammation in individuals with a history of IR exposure [70].
This was explained by possible confounding factors or by the combinatorial effect of patient
age and irradiation [71–73]. In fact, the BCC patients included in our study were age-
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matched; accordingly, the differences in gene expression probably reflect cellular response
to irradiation. In addition, inflammatory systemic response may be explained by blood
cell response to irradiation, since these individuals were exposed to whole-body rather
than localized irradiation. On the other hand, PINK1 was differentially expressed between
the two BCC groups, with overexpression in irradiated cases; however, this differential
expression failed to reach statistical significance. In fact, an increase in PINK1 expression in
rat thyroids was reported following irradiation [74]. Our results point out, at least, that the
analyzed genes could not represent non-invasive radio-BCC biomarkers.

- miRNA regulators in BCC radiation carcinogenesis

Our current understanding of cellular response to irradiation has evolved to a more
complex network that involves different molecular determinants, such as epigenetic reg-
ulators, mainly miRNAs [75]. miRNAs mediate cellular radio-response via regulating
components of key signaling pathways involved in this process, specifically DDR sig-
naling [76]. Indeed, it was suggested that gene expression profile alterations following
irradiation are largely explained by miRNAs, which play a crucial role in defining cell
fates, controlling subsequent radiosensitivity [77]. Moreover, it was described that miRNAs
participate in radiation carcinogenesis [78–80]. In this study, miRNAs represented in the
network analysis created by miRNet are mostly described as radio-responsive. miR-24-3p
represents the most important miRNA in the generated network, targeting the ATM, RELA
(P65) and PINK1 genes. In fact, it was reported that miR-24-3p plays a crucial role in
carcinogenesis and therapeutic response associated with radiosensitivity [81]. miR-24 was
described as a regulator of cellular response to DNA damage, and its downregulation
enhances tumor cell radio-resistance [82]. Furthermore, miR-24 expression decreases with
cellular senescence [83], and it was defined as a mitochondrial miR (mitomiR) [84]. It
was described that miR-24-3p and miR-124 attenuate the expression of pro-inflammatory
mediators via NF-kB signaling [85,86]. miR-124 also increases in senescent skin, while it
decreases during tumorigenesis, particularly in squamous cell carcinoma [87]. In addi-
tion, it was reported that Let-7 family expression patterns are altered upon irradiation,
characterized by ATM-dependent downregulation in skin fibroblasts [88]. miR-26a and
miR-100a were described as enhancing tumor cell radio-sensitivity via targeting DNA
repair proteins [89,90]. miR-145 is described as a regulator of the DDR pathway and cel-
lular senescence in different cell types [91,92]. Downregulation of miR-145-5p was also
reported in basal cell carcinoma [93]. Indeed, it was revealed that senescence-associated
miRNAs (SA-miRs) are implicated in radiation-induced premature cellular senescence
and that the knockdown of miR-155 stimulates this process [94]. miR-181a/b are involved
in keratinocyte replicative senescence and are dysregulated in cancers [95]. According
to miRNA transcriptome profiling, miR-222 was repressed in irradiated cells [96]. More-
over, miR-24 is a radiation-responsive miRNA that may represent a potential biomarker
of radiation-induced gastric cancer [97]. We suggest that this network may give insights
into the regulatory role of microRNAs in radio-induced BCC; some of these miRNAs may
contribute to the pathogenesis of BCC through the regulation of ATM-NF-kB signaling and
PINK1 expression level in response to irradiation. Experimental studies are warranted to
validate these interactions in radio-induced BCC.

Further research in the field of normal tissue radiobiology is of paramount importance
to decipher the mechanisms involved in cellular radio-response. In fact, even though
depilatory radiotherapy is no longer used, IR is still used as a clinical diagnostic tool
and a therapeutic modality, besides being used for occupationally/accidentally exposed
individuals, and the incidence of BCC is continuously increasing. Moreover, patients
with cancers, including some BCCs amenable to radiotherapy, may develop a second
malignancy due to the radiosensitivity of healthy tissues surrounding the tumor, which
affects treatment efficiency. The identification of promising biomarkers is an unmet need
to improve long-term risk assessment following IR exposure, which may aid clinicians in
monitoring exposed individuals. These biomarkers may represent novel targets to prevent
or at least minimize cellular radiotoxicity linked to carcinogenesis risk.
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To our knowledge, our study represents the first investigation of ATM-NF-kB signaling
and PINK1 gene expression, implicated in cellular senescence and mitophagy in BCC
pathogenesis following radiotherapy. Further studies are needed to deeply characterize and
explore these processes in a larger cohort of radio-induced BCC patients. Moreover, proteins
encoded by the studied genes should be analyzed to further confirm the activation of these
pathways. In addition, further studies are mandatory to shed light on the complexity of the
interactions between genes of interest and microRNAs in response to irradiation.

4. Materials and Methods

4.1. Human Specimens and Sample Collection

We conducted a comparative study using patients’ fresh frozen skin biospecimens and
blood. According to histological evaluation, confirmed by an atomopathologist, a total of
eight patients diagnosed with basal cell carcinoma were enrolled in this study. Four of the
BCC samples were obtained from sporadic patients and four were obtained from patients
with a history of radiotherapy of the scalp for tinea capitis during their childhood and were
considered as radio-induced BCC. All tumors being located on the face and scalp area was
an inclusion criterion. One healthy skin biopsy from a UV-exposed area from the head of
a healthy age- and geographically matched control was included after screening for the
absence of any signs of malignancy. Systemic investigation was performed for five of the
patients, including three radio-induced BCCs and two BCCs from sporadic cases (or non-
radiation-induced BCC), and the sample from the healthy control. BCC and healthy control
biopsies were collected from the Dermatology department of “Habib Thameur” Hospital.

All participants included in this study provided written informed consent, and the
study was carried out in accordance with the Helsinki principles and approved by the
Institute Pasteur Ethics Committee in Tunisia under the ethical accord number (reference
PCI/22/2012/v2).

4.2. Gene Expression Analysis

4.2.1. RNA Extraction and cDNA Synthesis

Total RNA from the tissue and blood samples of patients with BCC and the healthy
control were extracted using trizol and the miRNeasy Mini Kit (QIAGEN), following
the manufacturer’s instructions. The concentration and purity of isolated RNA was as-
sessed using the Nanodrop spectrophotometer DeNovix DS-11 (Thermo Fisher Scientific,
Wilmington, DE, USA).

Prior to total isolated RNA reverse transcription (RT), a Dnase treatment was carried
out in a Qsp of 10 µL, using 1 µg of RNA, 10X DNase Buffer and 1 U/µL of DNase I
enzyme. After RNA sample incubation at ambient temperature for 15 min, 25 mM of
EDTA was added, and RNA was then placed at 65 ◦C for 10 min. The cDNA synthesis was
performed using the Superscript II RT Kit (Cat. No:18064014 Invitrogen, Carlsbad, CA,
USA), starting with 1µg of purified RNA in a total reaction volume of 20 µL, according to
the manufacturer’s protocol.

4.2.2. Quantitative Real-Time PCR

The ATM, FOXO3a, P65 (RELA), TNF-α and PINK1 genes were investigated by quanti-
tative real-time PCR (qPCR) using the Syber Green kit, according to the manufacturer’s
protocol. Among genes involved in cellular senescence and mitophagy, this set of genes
was selected after exploring gene expression data generated by the GTEx (Genotype-Tissue
Expression) database. These genes are expressed in human skin cells and showed no
differences between sun-exposed and non-sun-exposed skin areas. Specific primers were
used. The qPCR reaction was carried out in a 96-well plate using the Light Cycler L480
(Roche Applied System) with a reaction volume containing Sybr Green Mix (Invitrogen),
Quantities of 10 µM of each forward and reverse primer for 17 µL of Mix and 100 ng/µL of
cDNA were used. cDNA amplification was performed in a cycling protocol with 35 cycles
(at 95 ◦C for 15 s and for 60 ◦C for 1 min) preceded by a pre-amplification step at 95 ◦C
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for 10 min. Relative gene expression levels were normalized to the expression of the
housekeeping gene RPLP0. Experiments were performedin duplicate for each candidate
target gene and for each reference gene. Relative fold changes were calculated using the
comparative cycle threshold (ct) method (2−∆∆Ct). The sequences of the primers are listed
in Table 3.

Table 3. Primer sequences used for qPCR.

Gene Sequence (5’-3’) Length Tm (◦C)

FOXO3a
F: CGGACAAACGGCTCACTCT

R: GGACCCGCATGAATCGACTAT
19
21

61.9
61.7

ATM
F: GCACGAAGTGCCTCCAATTC
R: ACATTCTGGCACGCTTTGG

21
19

61.1
61.4

TNF-α
F: CCTCTCTCTAATCAGCCCTCTG
R: GAGGACCTGGGAGTAGATGAG

22
21

62.1
62.8

PINK1
F: CCCAAGCAACTAGCCCCTC

R: GGCAGCACATCAGGGTAGTC
19
20

64.5
63.1

P65
F: ATGTGGAGATCATTGAGCAGC

R: CCTGGTCCTGTGTAGCCATT
21
20

60
60.2

4.3. Statistical Analysis

IBM SPSS version 21.0 was used for statistical analysis. Differences across specimen
groups and gene expression correlations were inspected using the Mann–Whitney U and
Pearson exact tests, respectively. Area under the curve–receiver operating characteristic
(AUC-ROC) analysis was performed to evaluate the potential of candidate genes to discrim-
inate between radio-induced BCC and non-radio-induced BCC groups. An excellent model
for a good separation performance was considered when the AUC value was near to 1.
Cut-off values were determined according to the Youden index method. Maximizing the
Youden index enabled the identification of the cut-off point of the curve with the highest
value for the sum of sensitivity and specificity. For all tests, a p-value < 0.05 was considered
statistically significant.

4.4. Bioinformatic Analysis

We explored the miRNet 2.0 database to identify putative upstream microRNAs that
target the candidate genes and generate an miRNA-target gene interaction network-based
visual analysis of the skin. In fact, node degrees (the numbers of connections with other
nodes) indicate important hubs in the generated network. In addition, miRNet offers a
functional enrichment analysis, which was performed with the Reactome pathway tool
(adjusted p < 0.05).

5. Conclusions

We suggest that aberrant regulation of ATM-NF-kB signaling and PINK1 gene expres-
sion could be related to BCC radiation carcinogenesis and that biomarkers involved in
these pathways may discriminate between BCCs according to their radiation etiologies.
Furthermore, we suggest that microRNAs may play an important role as well, highlighting
their potential implication in the pathogenesis of radio-induced BCC. Our study highlights
the importance of the exploration of radio-induced carcinogenesis and extends our un-
derstanding to a more complex network involving different interconnected cellular and
molecular components.
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Abstract: In the event of a radiological or nuclear accident, or when physical dosimetry is not
available, the scoring of radiation-induced chromosomal aberrations in lymphocytes constitutes an
essential tool for the estimation of the absorbed dose of the exposed individual and for effective
triage. Cytogenetic biodosimetry employs different cytogenetic assays including the scoring of
dicentrics, micronuclei, and translocations as well as analyses of induced premature chromosome
condensation to define the frequency of chromosome aberrations. However, inherent challenges
using these techniques include the considerable time span from sampling to result, the sensitivity
and specificity of the various techniques, and the requirement of highly skilled personnel. Thus,
techniques that obviate these challenges are needed. The introduction of telomere and centromere
(TC) staining have successfully met these challenges and, in addition, greatly improved the efficiency
of cytogenetic biodosimetry through the development of automated approaches, thus reducing the
need for specialized personnel. Here, we review the role of the various cytogenetic dosimeters and
their recent improvements in the management of populations exposed to genotoxic agents such
as ionizing radiation. Finally, we discuss the emerging potentials to exploit these techniques in a
wider spectrum of medical and biological applications, e.g., in cancer biology to identify prognostic
biomarkers for the optimal triage and treatment of patients.

Keywords: cytogenetic biodosimetry; radioprotection; telomere; centromere; chromosomal instability

1. Introduction

Biological dosimetry refers to the quantitative estimation of an absorbed dose of radia-
tion in individuals exposed to ionizing radiation [1]. Radiation exposure may occur due
to the geological environment, medical diagnostics and therapy, occupation in radiation
facilities or the nuclear industry, or large-scale incidents such as accidents in nuclear indus-
tries, nuclear tests, fallouts, nuclear terrorism, or dirty bombs [2–4]. Individuals involved
in large-scale incidents often do not have personal dosimeters. In cases of exposures re-
quiring dose reconstruction, regardless of the circumstances, biological dosimetry becomes
a valuable tool in the accurate assessment of the absorbed radiation dose in the shortest
possible time for successful and effective triage and medical management.

The DNA-damaging effects of genotoxic stress such as ionizing radiation may result
in chromosome aberrations that can be used as a biomarker, i.e., a biological endpoint to
indicate an earlier event as a result of exposure [5]. Biological dosimetry based on cytoge-
netic assays, termed cytogenetic biodosimetry, has, for decades, been the most extensively
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studied system. The assays are usually performed on peripheral blood lymphocytes (PBL)
because they are easily accessible. The assays are based on the quantification of radiation-
induced chromosomal aberrations such as chromosome dicentrics (DC), cytokinesis-block
micronuclei (CBMN), premature chromosome condensation (PCC), fragments/rings, or
fluorescence in situ hybridization (FISH) for chromosome painting to monitor, e.g., translo-
cations. Three of the techniques, i.e., DC assay (DCA), CBMN, and FISH have now been
standardized for monitoring and quantifying the resulting chromosome aberrations in PBL.
One of the assays, the DCA, is considered the “gold standard” for biological dosimetry
in radiation emergency medicine by IAEA and other international agencies due to the
radio-specificity of DCs. Of note, DCA has proven its utility in past large-scale nuclear
accidents or accidents such as the Chernobyl accident in 1986 [6].

The assessment of individual doses of exposure in a population should be carried out
within the shortest possible time for effective triage and medical intervention, especially in
the event of a large-scale radiation incident involving a sizable population group. How-
ever, cytogenetic assays for scoring chromosome aberrations suffer from methodological
limitations because most of them require a cell culture step, followed by cytological prepa-
rations of the cells, and finally scoring under microscopes. Therefore, the time required for
performing such biodosimetric measurements and obtaining a result becomes longer than
desirable (i.e., >50 h) [1,7–9]. The situation is even more challenging when a large number
of samples need to be processed, e.g., in a large-scale nuclear incident. Further efforts are
thus required to improve methods for scoring radiation-induced chromosome aberrations.

The introduction of peptide nucleic acid (PNA) probes to the scoring of radiation-
induced DNA damage has opened new horizons for cytogenetic biodosimetry. Such probes
have the advantage of short hybridization times, high specificity, and signal intensity, in
addition to low cost [10]. By employing telomere and centromere-specific PNA probes
(TC staining), we have obtained significant advances in the scoring of dicentric and ring
chromosomes—the best biomarkers of radiation-induced DNA damage—on metaphases
from mitosis-induced lymphocytes [10,11] and also on premature chromosome conden-
sation (PCC) in nonstimulated lymphocytes [12,13]. Furthermore, the application of TC
staining to the CBMN assay has vastly improved the identification of micronucleus for-
mation, thus increasing the applicability of this assay [14]. Thus, not only have these
improvements enhanced the precision of the cytogenetic assays but also obviated the need
for personnel with high expertise [15,16].

More recently, as a result of the improvements in these techniques, their applicability
has been explored in other fields of biology and their use by other biological non-DNA
ionizing radiation assessors have been proposed. Thus, with the advance of cytogenetic
techniques, they are not restricted to radiation biology and are not only applicable for the
assessment of the effects of any genotoxic agent but also intrinsic defects in maintaining
DNA integrity due to pathological gene variants. For instance, chromosomal instability is
a prerequisite of ongoing cellular transformation and cancer development. These signifi-
cantly improved cytogenetic techniques should constitute a valuable tool for the improved
characterization of karyotypes in cancer patients, and hence, focused individual treatment
and follow-up [17,18].

Here, we present an overview of the advantages of employing TC staining in current
techniques used for cytogenetic biodosimetry, i.e., the shorter processing time, higher
resolution, accuracy, and automatable recording, and we discuss the clinical utility of these
approaches and their great potential in biological dosimetry.

2. Cytogenetic Markers of Irradiation

Cytogenetic biodosimetric assays are based on several biological endpoints essentially
related to chromosomal aberrations that are consequences of DNA damage in peripheral
blood lymphocytes (Figure 1). The markers of irradiation can be classified into three groups:
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Figure 1. Schematic overview of the consequences of DNA repair mechanisms of varying efficiencies,
induced after exposure to genotoxic agents. To the right are depicted examples of cytogenetic prepara-
tions using assays employed in cytogenetic biodosimetry. PCC: premature chromosome condensation;
DCA: dicentric chromosome assay; TR: scoring of translocations; and MN: micronucleus assay.

(1) Direct molecular consequences such as single and double-strand breaks in the DNA
molecule detected by fluorochrome-labeled antibodies specific for, e.g., γH2AX, MR11
proteins, or p53-binding protein (53BP1) that are markers of double-strand breaks
(DSB) [19,20]. The preparation and analysis of the immunostainings can be auto-
mated [4,21]. The proteins are useful markers of DSB (Table 1) in analyses of putative
biological effects of low doses of irradiation [22] and for the triage of exposed pop-
ulations [23,24]. In addition, immunostaining can be used to assess interindividual
sensitivity to radiation [25]. However, the specificity of the abovementioned markers
to irradiation, the lack of stability of the fluorescent signals over time, the standardiza-
tion of the technique, and the interindividual variation constitute the main drawbacks
for their use in biological dosimetry [26,27].

(2) The kinetics of DNA break repair is monitored in prematurely condensed chromo-
somes (PCCs) in the form of single-stranded filaments. PCCs can be observed by
ordinary light microscopy or by fluorescence microscopy after staining with appropri-
ate DNA dyes [28,29]; however, the techniques are subject to significant constraints
and low stability of the acentric breaks over time, which limit their use in particular
investigations.

(3) The consequences of DNA misrepair on the integrity of chromosomes at the time of
the first postirradiation cell division or during the second interphase. Such failures
resulting in more or less stable dicentrics, translocations, acentric fragments, or mi-
cronuclei can be visualized microscopically by the employment of relevant cytogenetic
techniques of high sensitivity, specificity, and accuracy. Moreover, the techniques are
automatable and easy to implement.

The long-term consequences of irradiation on DNA integrity have been investigated
in populations exposed to irradiation following nuclear accidents or medical treatments,
and also in their offspring [30–36] (Figure 1). Based on the collected data, multiple models
of radiation-induced carcinogenesis and the transmission of chromosome aberrations to
offspring have been proposed [37].
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Table 1. Different categories of commonly used cytogenetic biological dosimeters/indicators explored
for radiation dose reconstruction and possible accidental exposure situations. The question marks
indicate that the validity of the test is not yet recognized.

Techniques

Types of Exposure to Ionizing Radiation Sensitivity

Recent and
Homogeneous

Events

Recent and
Heterogeneous

Events
Past Event

Large-Scale
Event

Sensitivity

Dicentric and
centric rings YES YES NO YES 0.1 Gy

Micronuclei YES YES NO YES 0.3 Gy

Translocations YES YES YES NO 0.25–0.3 Gy

PCC—CHO YES YES NO YES 0.1 Gy

PCC—ring YES ? NO ? ?

3. TC Staining Allows Insight into Mechanisms of Formation of
Chromosome Aberrations

TC staining represents a major advance in not only the sensitivity of detection and
classification of complex chromosome aberrations but also in elucidating mechanisms of
their formation based on their structural alterations. The staining of telomeres, i.e., the ends
of each chromosome, allows a very precise determination of the chromosomal landscape.
Centromere staining makes it possible to define the nature of the chromosome aberrations
and ultimately predict how sustainable they will be during subsequent cell divisions.

Thus, using TC staining, the accurate nomenclature of chromosomal aberrations can
be established: (1) Dicentric chromosome: two centromere signals with four telomere
signals; (2) centric ring chromosome: one centromere signal without any telomere signal;
(3) acentric ring without telomere and centromere signal; (4) acentric chromosomes with
four telomere signals or acentric fusion accompanied by dicentric or ring or translocation
formation; (5) acentric chromosome with two telomere signals related to terminal deletion;
and (6) acentric chromosome without telomere and centromere signals are related to
interstitial deletion (Figure 2).

Moreover, TC staining makes it possible to distinguish between metaphases in the
first and second mitotic cell division without any supplementary step related to the cross-
hybridization of the centromere signal [11].

Furthermore, the scoring of TC-stained chromosome preparations is fully automat-
able [11,12,17]. Therefore, we believe that the implementation of TC staining will open new
fields of research and diagnosis offering the vastly improved visualization of chromosomes
and the identification and definition of their associated aberrations.
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Figure 2. DNA damage and chromosomal aberrations after exposure to ionizing irradiation: (A) DNA
damage after one, two, or four DSB. (B) Chromosomal aberrations in the first mitosis are visualized
by uniform staining or TC staining. The latter permits the precise identification of chromosomal
aberrations. Ace: acentric fragment; Rc: ring chromosome; Dic: dicentric chromosome; inv: inversion;
TR: translocation; I: insertion; Gray: centromere; and red: telomere. (C) CBMN assay followed by
TC staining for assessing DNA damage permits a distinction between aneugenic and clastogenic
exposures. CBMN assay followed by TC staining allows the detection of the mechanisms of the
formation of an anaphase bridge: a short anaphase bridge without TC staining related to the presence
of a dicentric chromosome with centromere breakpoints and a long anaphase bridge with TC staining
related to the presence of dicentric chromosomes with telomere fusions.

4. Employment of TC Staining Adds Distinctive Value to Commonly Used
Cytogenetic Techniques

Table 1 summarizes the sensitivity of commonly used cytogenetic biological dosimetry
techniques and the possible detection of recent or past irradiation as well as the homoge-
neous and heterogenous exposure (Table 1).

4.1. The “Gold Standard” Technique

Among the various assays employed in cytogenetic biodosimetry, the dicentric chro-
mosome assay (DCA) is considered the “gold standard” in radiation emergency medicine.

It is medically and legally recognized [1,7–9] and is approved by the International
Atomic Energy Agency (IAEA) because of its proven utility in past large-scale nuclear
incidents and accidents [30,38].
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A dicentric chromosome is an abnormal chromosome with two centromeres. It is
formed through two double-strand breaks (DSB) and followed by the fusion of two chro-
mosome fragments, each with a centromere, resulting in the formation of a dicentric
chromosome together with acentric fragments (Figure 2B) [8].

Dicentric chromosomes, together with centric rings, the latter formed by the fusion of
sticky chromosome ends (Figure 2B), occur in peripheral lymphocytes of individuals as a
consequence of recent exposure to an external source of ionizing radiation. Their frequency
is dose-dependent. However, they are unstable aberrations, and hence their frequencies
decrease during subsequent cell divisions. The acentric fragments can also provide an aid
in dose estimation, e.g., to substantiate the presence of other aberrations or, especially in
cases of partial body exposure, to verify information about the incident.

Dicentrics and centric rings are relatively simple to score and enumerate. Moreover,
their frequency is dose-dependent. For those reasons their enumeration in peripheral blood
lymphocytes, termed the “dicentric chromosome assay” (DCA), constitutes the basis of the
“Gold Standard” technique for estimating biological dosimetry.

The abovementioned chromosomal aberrations can be observed after uniform staining
(Giemsa or DAPI) of metaphases of lymphocytes from a blood sample after their cultivation
for 48 h in the presence of phytohemagglutinin (PHA), a stimulator of mitosis, followed by
a 2–4 h colcemid-induced block of metaphase (Figure 3A).
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Figure 3. The identification of unstable chromosomal aberrations after the in vitro irradiation of blood
lymphocytes (63× magnification) using (A) uniform chromosome staining (Giemsa staining) permits
the detection of unstable chromosomal aberrations according to their morphologies; (B) telomere
(red) and centromere (green) staining allow the accurate detection of all unstable chromosome
aberrations: (i) dicentric chromosome with two green signals and four red signals (top insert), (ii) ring
chromosomes with one green signal, but no red signals (2nd insert from the top), and (iii) acentric
fragments with four red signals only (bottom insert).

Several studies have shown that frequencies of chromosome aberrations are similar
in in vitro and in vivo irradiated blood lymphocytes, respectively. Hence, a calibration
curve of the dose-effect relationship obtained after the in vitro irradiation of blood is used
to estimate the dose of exposure from an irradiation event in vivo [39,40].

The operating conditions are described in numerous publications such as the IAEA
technical guides [1,7–9]. Key points of the technique to validate its quality and reproducibil-
ity are defined in several ISO standards [41–43].

By incorporating TC staining into the “gold standard” technique, the identification of
normal chromosomes as well as their aberrations has been vastly improved. The visualiza-
tion of telomere sequences permits the identification of chromosome ends, and visualization
of the centromere sequences, the nature of a chromosome, i.e., (i) dicentric: chromosome
with two centromere signals (Figure 2B); (ii) centric ring: circular chromosome without
telomere signal and with only centromere signal (Figure 2B); (iii) acentric: chromosome
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without centromere signal and with or without telomere signal (Figures 2 and 3) [10,11].
Thus, TC staining allows the accurate and reliable detection of all unstable chromosomal
aberrations in a single analysis. Importantly, the analysis can be made operator indepen-
dent [11,44]. Last, but not least, software has been developed that allows the satisfactory
automation of chromosomal aberrations scoring [11,12,45–49]. Thus, the technique has
significantly reduced the labor-intensive and time-consuming burden of enumerating
chromosome aberrations in the classical “gold standard” assay. Moreover, this improved
technique should also be applied to studies on the effects of any external genotoxic agent
and intrinsic cellular factors affecting chromosome stability.

4.2. Detection of Translocations

Chromosomal anomalies that are the result of exchanges of genetic material between
non-homologous chromosomes are termed translocations (Figure 2B) [50–56]. The fre-
quency of radiation-induced translocations in a cell population depends on the dose of
irradiation [57]. Some of the translocations may persist for decades because they remain
compatible with cell division, as documented in biodosimetric studies on A-bomb sur-
vivors performed decades after exposure, and on patients observed for decades after their
treatment with radiotherapy for ankylosing spondylitis [58]. Thus, in contrast to dicentrics,
rings, and fragments that are lost progressively in subsequent mitotic divisions, a translo-
cation is a better biomarker for retrospective dose evaluation when there has been a long
delay between exposure and blood sampling.

In the past, the identification and analysis of translocations based on banding tech-
niques required highly skilled staff to assess karyotypes. However, the introduction of
the FISH technique has revolutionized this analysis by using one or several different
chromosome-specific colors to “paint” each pair of chromosomes. Each chromosome-
specific DNA probe is labeled with fluorescent molecules allowing each chromosome pair
or group to be visualized individually or collectively. Any exchange of non-homologous
chromosomal material can therefore be easily identified. The fastest method at present
is to ‘paint’ three pairs of chromosomes, each pair being the same or different in color
from another pair [54,55]. However, some imprecision in the detection of the nature of
aberrations cannot be completely avoided, such as an incomplete translocation or terminal
translocation, and the distinction between translocation and a specific configuration of
a dicentric chromosome with both centromeres in close proximity [17,18]. However, by
combining telomere and centromere staining with chromosome painting, the scoring of
chromosomal aberrations becomes considerably simpler and more reliable. A further
advantage of combining these techniques is that the nature of more complex aberrations
can be established with high accuracy, as demonstrated in Figure 4.

4.3. The Cytokinesis-Blocked Micronucleus Assay (CBMN)

The scoring of micronuclei has been proposed as an alternative to the conventional
quantification of chromosomal aberrations because the assay is faster and also easier. Mi-
cronuclei are biomarkers not only of DNA damage but also of genomic instability [59].
However, the high baseline frequency of micronuclei in healthy populations has limited
the sensitivity and application of the CBMN assay for the follow-up of exposed popula-
tions [60].

Micronuclei containing acentric chromosome fragments or chromatid fragments arise
due to non- or misrepaired DNA double-strand breaks as a result of exposure to clastogenic
agents, e.g., ionizing radiation [61,62]. Micronuclei can also contain whole chromosomes
that lag behind and do not attach to the mitotic spindle during the segregation process in
anaphase. Such micronuclei arise as a result of exposure to aneugenic agents (e.g., intra-
cellular oxidants and polycyclic aromatic hydrocarbons) [62], and they represent the main
fraction (>70%) of spontaneously occurring micronuclei [14,63]. Irrespective of the cause of
their origin, these chromosomes or chromosome fragments are subsequently enveloped
by a nuclear membrane and appear in the cytoplasm as small nuclei, i.e., micronuclei,
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separated from the main nucleus (Figure 2C). The assay is based on peripheral lymphocytes
stimulated to undergo mitosis by in vitro stimulation with phytohemagglutinin (PHA).
Micronuclei can subsequently be observed in interphase cells.

Ionizing radiation is a strong clastogenic agent and thus a potent inducer of micronu-
clei, most of which lack centromeres. The CBMN assay has now been established as a
reliable technique in radiobiology for the assessment of the radiation exposure of medical,
occupational, or accidentally exposed individuals.

The enhanced resolution of the CBMN assay has been obtained by including TC
staining or only centromere staining [14,63–65]. The achievements using that approach
are significant: (1) The visualization of both the telomere and the centromere sequences
enhances the sensitivity and detection of MN. (2) The determination of the nature of the
genotoxic exposure: clastogenic effect (i.e., MN–T with only telomere sequences) and
aneugenic (i.e., MN–TC with telomere and centromere staining) (cf. Figures 2C and 5). In
addition, the introduction of TC staining into the CBMN assay may advance our insight
into molecular mechanisms giving rise to dicentric chromosomes due to the improved
scoring of long anaphase bridges with TC sequences and short anaphase bridges without
any staining (Figure 2C).
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Figure 4. The detection of stable chromosomal aberrations after the in vitro irradiation of blood
lymphocytes (63× magnification) using (A) chromosome 1 (red), 4 (yellow), and 11 (green) paint-
ing and the identification of a complex rearrangement involving chromosome 1 with a reciprocal
translocation and of two other undefined aberrations. (B) By combining telomere and centromere
staining with chromosome painting, the two other aberrations can be defined: telomere deletion (1st
insert from the top) was detected in chromosome 1 implicated in this reciprocal translocation (2nd
insert from the top); the precise detection of an acentric fragment accompanied the formation of this
reciprocal aberration (3rd insert from the top); detection of an acentric ring lacking telomere and
centromere staining (bottom insert).

4.4. Premature Chromosome Condensation (PCC) Assay

Occasionally, it is difficult to obtain sufficient numbers of metaphases in lymphocytes
grown in a culture with PHA. An alternative useful method to the gold standard technique
is the premature chromosome condensation (PCC) assay that facilitates the visualization
of interphase chromatin as a condensed form of chromosomes. Usually, chromosomes
condense during mitosis, following a strict order that is under strict cellular controls.
However, it is possible to artificially uncouple chromosome condensation from the mitotic
sequence, which makes it possible to visualize chromosomes in, e.g., resting PBL. Two
different approaches are usually employed to induce PCC: (1) The PCC fusion approach
(PCC–CHO), and (2) the chemical induction approach. In the fusion approach, Chinese
hamster ovary (CHO) cells in the M-phase of their cell cycle are fused with the target
interphase cells using a fusogen-like polyethylene glycol or inactivated Sendai virus. Prior
to fusion, mitotic CHO cells have been synchronized and stocks are frozen and stored until
used [28,66].
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Figure 5. A combination of telomere (red) and centromere (green) staining in the CBMN assay allows
the easy identification of the nature of a genotoxic exposure. (A) The detection of micronuclei after
uniform DNA staining. The staining does not allow the identification of their chromosomal contents.
(B) Micronuclei with only telomere staining (yellow arrow) as a consequence of exposure to the
clastogenic agent, and micronuclei with telomere and centromere staining (green arrow) due to
exposure to the aneugenic agent (63× magnification).

Alternatively, PCC can be induced chemically in PBL at any stage of the cell cycle by
treatment with okadaic acid or calyculin, which are specific inhibitors of serine/threonine
protein phosphatase [13,67,68]. The technique is very easy to practice, simply by substitut-
ing colcemid with either of the two chemicals. Incubation times of only 30 min, sometimes
only 5–10 min (in contrast to the 2–4 h colcemid block) induce a sufficient number of
chromosomes. The PCC index is usually much higher (>10%) than the mitotic index (1–2%
at best), which makes chromosome analysis much easier. In addition, the drug-induced
PCC has outstanding merit that allows the metaphase chromatin, i.e., G1-, S-, and G2-phase
chromatin to be visualized as condensed forms of chromosome structure.

The induction of PCC allows the observation of chromosomes with a light microscope
not only during mitosis but also in interphase and hence the analysis of (i) chromosome
breakage and repair after exposure to ionizing radiation or chemical mutagens; (ii) DNA
duplication; (iii) conformational changes during the cell cycle. Thus, PCCs constitute a
useful alternative in cases where metaphase analysis may fail [69], e.g., (1) Estimation of
a heterogeneous dose when the collected cells are a mixture of unirradiated and highly
irradiated cells, delayed by repair mechanisms resulting in a delayed entry into the cell
cycle; (2) accidental exposure to high levels of ionizing radiation, which produces a mitotic
delay of unknown duration accompanied by significant apoptotic death; or (3) a very low
chronic mitotic index, as in some pathological situations or elderly people.

By combining TC staining with the PCC technique for the analysis of DNA damage,
the advantages include: (1) The possibility, for the first time, to visualize and score dicentric
chromosomes; (2) determining the nature of acentric breaks; and (3) higher precision to
monitor the kinetics of formation of chromosomal aberrations (Figure 6). The combination
of these two techniques opens new horizons for the PCC technique, not only for the rapid
scoring of DNA damage but also in the application of biological dosimetry into radiation
emergency medicine and the automation of the analysis [12,68,70].
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Figure 6. The combination of TC staining with the PCC fusion technique allows the reliable scoring
of chromosome fragments and the detection of dicentric chromosomes. (A) Conventional DNA
staining of PCC permits the scoring of chromosome condensation fragments (63× magnification).
(B) Simultaneous telomere (red signals) and centromere (green signals) staining permits the detec-
tion of dicentric chromosomes (top inserts) and the accurate and consistent detection of acentric
chromosomes (bottom inserts). The large red areas represent telomere signals of CHO chromosomes.

5. Automation of Biological Dosimetry Methods

Following considerable development of novel reagents and the standardization of
cytogenetic preparations, the quality of cytogenetic slides has increased progressively
to levels that make it feasible to automate the search for metaphases and capture slides.
The first attempts to automate the scoring of radiation-induced DNA damage began in
the 1990s with the automation of the scoring of micronuclei after uniform DNA staining
(Giemsa or DAPI) [71]. The first commercially available system was Metafer MNScore from
MetaSystems [72].

Spectacular advances have been achieved in recent years in terms of sensitivity and in-
terface after uniform staining using cytogenetic slides or flow cytometers (DAPI) [21,73–75].
However, this automation concerns only the scoring of micronuclei and does not make
it possible to differentiate the origin of micronuclei because centromere staining has not
yet been implemented. The automation of other DNA damage markers such as anaphase
bridges or nuclear buds (NBUDs) is still not relevant despite their crucial importance in
biological dosimetry or chromosomal instability fields [76].

The second attempt of automation concerns the scoring of dicentric chromosomes
after uniform staining. Reliability had long been hampered by the difficulty of recognizing
metaphases by the use of many processors with little software. The first commercially avail-
able system was Metafer DCScore from MetaSystems [77–79]. A spectacular improvement
was achieved in terms of sensitivity, which is essentially due to the introduction of TC
staining [11,80,81] and the marketing of more advanced software.

The automation of PCC–CHO following uniform staining [66] and subsequent TC
staining [12] has now been initiated; however, the implementation of this technique and its
current use requires further technical development.

The automation of the scoring of translocation has not been undertaken so far. How-
ever, ongoing work using machine learning approaches after TC staining followed by
M-FISH should make it possible to achieve high efficiency in the automation process.

6. Application of Cytogenetic Tools in a Wider Spectrum of Fields in Medicine
and Biology

Cytogenetic biodosimetry is not limited to ionizing radiation and the follow-up of
exposed populations. It is, in fact, applicable in the assessment of the effect of any genotoxic
agent as well as that of inherent spontaneous genome instability in, e.g., cancer patients.
The need to improve cytogenetic biodosimetry assays has been driven by the need to
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transfer technology to all cytogenetic laboratories to achieve high sample throughput for the
processing of large cohorts of exposed populations as well as in medical settings [17,18,82].

The multiplex (M-FISH) technique is the latest evolution of FISH, which stains sex
chromosomes and each pair of autosomes with different colors (1986). However, M-FISH
has not been used intensively due to the complexity of the analysis. Recently, some studies
started to use this technique [83–88]; however, the resolution of chromosomes to identify
complex rearrangements can be vastly improved when TC staining with M-FISH [17,18,89].

TC staining followed by multiplex FISH (M-FISH), termed (TC+M-FISH), allows the
reliable analysis of both unstable and stable chromosomal aberrations in a single-step
analysis (Figure 7). In addition, this approach makes it possible to obtain an accurate
karyotype in cases of genome heterogeneity and clonal escape.
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Figure 7. Telomere and centromere staining followed by M-FISH offers the sensitive and accurate
detection of all chromosome aberrations, both stable and unstable ones. This approach permits the
reliable identification of breakpoints and the assessment of the presence of complex clonal aberrations
(63× magnification).

The employment of the TC+M-FISH approach in the analysis of the transmission of
unstable chromosomal aberrations through multiple cell divisions has permitted not only
the reevaluation of the transmission of dicentric chromosomes but also, for the first time,
the documentation of the transmission of an acentric chromosome and the involvement
of centromere breakpoints in this transmission [44]. Moreover, we have been able to
demonstrate the persistence of specific configurations of dicentric chromosomes with
both centromeres in close proximity during cell division [44]. Such dicentric chromosome
configurations can easily be mistaken for translocation when only using the M-FISH
technique because centromeric regions are not visible in the M-FISH assay.

Recently, we demonstrated the clinical utility of the TC+M-FISH technique for the
detection of chromosomal aberrations in cancer patients in general, and of dicentric chro-
mosomes in particular [17]. Today, the latter is considered the best cytological biomarker of
chromosomal instability in cancer patients [90].

The TC+M-FISH approach permits the establishment of reliable and accurate kary-
otypes for cancer diagnosis [17,18]. Thus, the application of TC+M-FISH has revealed
a much higher frequency of dicentric chromosomes with a specific configuration (two
centromeres in close proximity) than has been observed previously by using conventional
and molecular cytogenetics.

Moreover, the TC+M-FISH technique makes it possible to detect both stable and
unstable aberrations, allowing accurate identification with high sensitivity of all chromo-
somal aberrations in addition to the putative progress of clonal escape and chromosomal
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instability. This approach will improve our knowledge not only of the biological effects of
chemotherapy or low doses of irradiation but also of the underlying mechanisms of the
formation of chromosomal aberrations. It could also be applied, with advantage, in the
follow-up of exposed populations with a high risk of developing secondary cancer or late
complications after exposure to genotoxic agents.

7. Advantages and Limitations of Current Cytogenetic Biomarkers of
Ionizing Radiation

Most of the cytogenetic markers that have been used routinely for the past 50 years are
primarily indicators of structural or functional damage to cellular components. However,
despite their well-documented advantages, several challenges remain to be addressed and
solved.

7.1. Specificity of Cytogenetic Biodosimetry Markers

It should be borne in mind that none of the chromosomal biomarkers described
above are specific for monitoring exposure to ionizing radiation. In fact, they may also
reflect the combinatory influence of other stressors such as the prior health status of the
individual and genotoxic contamination by pollutants or chemicals that may create severe
and long-lasting pathophysiological damage. Consequently, these markers constitute
valuable indicators of the stress status of an individual (e.g., DNA repair, chromosome
instability, and carcinogenesis). At low and medium doses of ionizing radiation, they may
also reflect the subtle association between different additive effects of ionizing radiation
such as radiation sensitivity, adaptation, and bystander effect, the consequences of which
are not fully understood.

7.2. Challenges in Dose Estimation

1. The spontaneous rate of chromosomal aberrations in the general population is an
important factor in cytogenetic biodosimetry because it can influence the interpre-
tation of data. Thus, DNA damage can also be induced by occupational activities,
lifestyle, and environmental factors [91]. Furthermore, there are variations in natural,
terrestrial, and cosmic radioactivity, which differ from region to region and from
country to country [92]. Finally, the worldwide increase in exposure to magnetic fields
such as the use of mobile phones and the multiplicity of the employment of ionizing
radiation in industry and medicine may have contributed to significant variations [93].
The latest evaluation of the frequencies of spontaneous chromosome aberrations dates
back several decades. Since then, a vast amount of insight has accumulated into the
causes and frequencies of chromosome aberrations. Moreover, significant technical
improvements in their detection have been achieved. Therefore, the re-examination of
the frequency of spontaneous chromosomal aberrations in the general population is
urgently needed. For that purpose, an automated TC+M-FISH approach would be
most relevant.

2. The distribution of aberrations according to age and sex is not clear and differs from
one study to another. Recently, several studies have demonstrated the difference in
genotoxic stress response according to sex [94–96]. Notably, the used dose-response
curves did not take into account the age or sex of the exposed population.

3. The interpretation of complex chromosomal rearrangements in the estimation of the
absorbed dose has always been challenging in biological dosimetry. A significant
correlation has been found between the formation of complex chromosomal rearrange-
ments and the clinical outcome of patients treated with radiotherapy [97,98]. The
presence of these kinds of aberrations has also been correlated with interindividual
radiation sensitivity and genomic instability [99]. The lack of analysis of complex
chromosomal rearrangement in a large cohort of an exposed population using a sen-
sitive technique did not make it possible to advance our knowledge regarding their
formations and their interpretations.
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4. The interpretation of “Rogue cells” in the analysis of chromosomal aberrations and
the estimation of the dose after exposure is still unclear. “Rogue cells” are cells with
multiple and complex chromosomal aberrations (e.g., dicentric, tricentric, translo-
cations, insertions, deletions, and acentric chromosomes) related to the activation
of viral infection [100,101]. A significant increase in induced chromosomal aberra-
tions has been detected in the presence of rogue cells [102–105]. Further studies are
needed to investigate the role of viral infection in the formation of radiation-induced
chromosomal aberrations.

7.3. Relevant Questions for Cytogenetic Biological Dosimetry Assays

Although research over the last 50 years on cytogenetic biomarkers in biodosimetry
has sufficiently covered their operational capacities, there still persist some gray areas
that need to be addressed and resolved to improve the assessment of potential genotoxic
exposures [52,106]:

- How can we validly relate lymphocyte lifetime and (re)circulation to partial exposure
and thus introduce useful correction factors in the estimation of an absorbed dose of
ionizing radiation?

- What value can be attributed to translocation analysis in the concept of dose, especially
decades or years after a potential exposure?

- How do we coordinate all of the biological and biophysical markers available to the
dosimetrist into a coherent entity, integrating the concept of multiparameter analyses?

- How do we integrate new developments (genomics, proteomics, and transcriptomics)
that, without renovating the current biotechnological landscape, make it possible to
associate physiopathology more globally with genomic instability?

- How do we integrate modulation phenomena, such as cellular and tissue radiosensitiv-
ity, radiation adaptation, and abscopal or bystander effects, that are still incompletely
understood?

7.4. Internal Exposure

The internal exposure to ionizing radiation, particularly that due to contamination,
is classically considered in three specific contexts: (i) environmental, to which all people
are naturally subject; (ii) occupational, concerning certain categories of workers, and
finally, (iii) iatrogenic, the consequences of which evolve with the level of health care [107].
Biological indicators could be very useful to characterize the occurrence and type of effects
observed, as well as the intracellular and intercellular processes activated in response to
internal exposure. The first interest is the clinical and epidemiological study of cancers
developed by humans after exposure to a radio-contaminant; the second interest is related
to clinical treatment and the histological characterization of treated cancers after induction
of vectorized radioimmunotherapy.

8. New Challenges for the Use of Biological Dosimetry in Detecting
Carcinogenesis Susceptibility

The accurate detection of DNA damage is not restricted to cytogenetic biodosimetry
after accidental, professional, or medical exposure to ionizing radiation [108]. Personalized
medicine also needs this approach for the development of new biomarkers of DNA repair
deficiency in order to propose a specific treatment for individual patients. The clinical utility
of these techniques—particularly the need for sensitive and specific biomarkers—is justified
by the stratification of patients regarding the deleterious consequence of chromosomal
instability [108,109]. The introduction of TC staining in the cytogenetic biological dosimetry
approach and the automation of the scoring of all chromosomal aberrations must lead to the
creation of databases allowing sensitive and specific stratification of exposed populations
and/or patients.

The second challenge is related to the impact of low-dose effects on chromosome
instability. Improved detection of DNA damage by introducing TC staining makes it
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possible to reveal genetic consequences for doses below 0.1 Gy. Their application, including
telomere analysis to the field of low-dose exposures, could add significant advantages to
our understanding of such effects.

The third challenge is paradoxically to have the best-standardized response for var-
ious types of irradiation, dose rate, and genetic parameters in any laboratory practicing
biological dosimetry assessment. This apparently simple feature, although required for
better efficiency, is not always obtainable—and the reasons for that are not always obvious.
The introduction of TC staining in the automatic scoring of DNA damage has rendered
the analysis independent of the level of expertise of the operator. In addition, high repro-
ducibility of the scoring has been achieved. The systematic use of this technique instead
of the classical scoring of chromosome aberrations could greatly improve the respective
standardizations.

Finally, the possible fusion between the “gold standard” technique (dicentric chro-
mosome), FISH or M-FISH technique (translocation), and CBMN assay (micronuclei) will
represent an important technical challenge that will surely lead to wider applications for
sensitive and reliable dose estimation [110,111].

While biodosimetry using traditional cytogenetic assays is useful for dose assessments
following accidental exposure to ionizing radiation, the field of biodosimetry has advanced
significantly with expansion into the fields of genomics, proteomics, metabolomics, and
transcriptomics [112–115]. However, advances in the assessment of radiation exposure
using those approaches have more relevance to clinical applications for patients under-
going radiation therapy. The information derived from radiation responses may advance
personalized care and could help alleviate the damage to normal tissue [116].

9. Conclusions

For more than 50 years cytogenetic biodosimetry has been routinely and successfully
practiced worldwide by a few specialized laboratories for assessing individual exposure to
ionizing radiation, and international networks have been established in preparation for
a potential nuclear catastrophe. However, all of the classical techniques applied for these
purposes suffer from several limitations: they are unnecessarily time-consuming, their
sensitivity and specificity are untimely limited, and they require highly skilled personnel
that may be in shortage in the event of a major nuclear catastrophe. By including TC
staining together with M-FISH, several of these obstacles may be overcome. Moreover,
importantly, the automation of these novel techniques adds to the major achievements
provided by the inclusion of TC staining in the current cytogenetic assays. We also propose
their use in the general assessment of DNA damage and chromosome instability which are
largely underestimated in many diseases. Last but not the least, wider potentials exploiting
these techniques are emerging for their application in identifying prognostic biomarkers
and guides for the better triage and management of medical patients. The standardization
of cytogenetic biological dosimetry approaches permits the use of a unique dose-response
curve. The automation of these approaches opens new horizons in the construction of
large databases in exposed populations, allowing the precise estimation of risk associated
with radiation exposure. This is the role of official instances such as the AIEA and OMS
as well as an international research program for the harmonization and standardization
of the process such as the RENEB program. We also need companies to manufacture the
kits and for standardization and development of analysis software with the overall aim of
automating all of the processes.
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Abstract: Radioresistance is a major obstacle for the successful therapy of many cancers, including
non-small cell lung cancer (NSCLC). To elucidate the mechanism of radioresistance of NSCLC cells
and to identify key molecules conferring radioresistance, the radioresistant subclones of p53 wild-type
A549 and p53-deficient H1299 cell cultures were established. The transcriptional changes between
parental and radioresistant NSCLC cells were investigated by RNA-seq. In total, expression levels
of 36,596 genes were measured. Changes in the activation of intracellular molecular pathways of
cells surviving irradiation relative to parental cells were quantified using the Oncobox bioinformatics
platform. Following 30 rounds of 2 Gy irradiation, a total of 322 genes were differentially expressed
between p53 wild-type radioresistant A549IR and parental A549 cells. For the p53-deficient (H1299)
NSCLC cells, the parental and irradiated populations differed in the expression of 1628 genes and
1616 pathways. The expression of genes associated with radioresistance reflects the complex biological
processes involved in clinical cancer cell eradication and might serve as a potential biomarker and
therapeutic target for NSCLC treatment.

Keywords: non-small cell lung cancer; DNA repair; radioresistance; ionizing radiation; transcrip-
tomics; gene expression

1. Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide [1], with non-
small cell lung cancer (NSCLC) accounting for ~85% of all cases [2]. Radiotherapy is a
critical choice in the curative management of patients with inoperable NSCLC; however,
the prognosis remains poor due to radioresistance of cancer cells present in heteroge-
neous tumor populations [3]. Radioresistance is linked to both intrinsic (cancer stem cells,
mutational status, epithelial–mesenchymal transition (EMT) process) and extrinsic (hy-
poxia, tumor microenvironment) mechanisms [4] in which cancer cells accumulate genetic
changes allowing them to survive harsh treatment conditions and repopulate. In this case,
understanding the changes in gene expression profiles and signal molecular pathways of
radioresistant cells is important for the selection of new treatment options and therapeutic
schemes for NSCLC patients.

With the development of Next-Generation Sequencing, RNA expression profiles can
improve our understanding of the molecular mechanisms responsible for cancer radioresis-
tance. In addition, combining expression data of single gene products with a molecular
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pathway activation level (PAL) can lead to the development of more robust biomarkers,
as shown in both experiment [5,6] and theory [7]. Thus, RNA-seq profiles can be used as
potent predictors of tumor radioresistance and might serve as potential biomarkers for
therapeutic targets.

We previously generated radioresistant sublines of NSCLC from p53 wild-type A549
and p53-deficient H1299 cells [8,9]. We used Illumina NextSeq 550 to sequence the tran-
scriptomes of parental (A549 and H1299) cells and their radioresistant sublines (A549IR
and H1299IR) to expand and improve the data.

Here, we present the changes in gene expression profiles and molecular pathway
activation levels of radioresistant NSCLC sublines in relation to their p53 status.

2. Results

2.1. Establishment of the Radioresistant NSCLC Cells

We obtained radioresistant NSCLC sublines using fractionated X-ray irradiation at
a total dose of 60 Gy; their survival curves have been previously published [10]. We
performed both conventional clonogenic test and the soft agar colony formation assay for
assessing cellular radiosensitivity (Figure 1). Both A549IR (wild-type p53) and H1299IR
(p53-deficient) cells showed reduced radiosensitivity compared to parental cells growing on
a solid surface (Figure 1a). To elucidate further the ability of cells to grow independently of a
solid surface, we performed the soft agar colony formation assay (Figure 1b). While A549IR
cells showed a statistically significant reduction in radiosensitivity only after exposure to
2 Gy, H1299IR cells showed an overall reduction in radiosensitivity compared to parental
H1299 cells (Figure 1b), suggesting their ability to escape from anoikis. Thus, our results
demonstrate the overall p53-independent decrease in radiosensitivity of NSCLC cells
surviving multifractionated X-ray irradiation.

 
(a) (b) 

Figure 1. Radiosensitivity of parental and radioresistant NSCLC cells growing in (a) anchorage-
dependent (solid surface) and in (b) anchorage-independent (soft agar) conditions. * p < 0.05,
** p < 0.01, *** p < 0.001. Data are means ± SEM for more than three independent experiments
(published previously [10]).

2.2. Differential Gene Expression of NSCLC Cells

To evaluate gene expression changes of radioresistant sublines compared to parental
ones, we performed RNA sequencing using the Illumina Nextseq 550 System. The results
demonstrated differential expression of 322 genes (log10(control) > 1, |log2FC| > 1) in p53
wild-type radioresistant compared to parental A549 cells. Among them, 164 genes were up-
regulated, while 158 genes were down-regulated (Supplementary Table S1). In p53-deficient
NSCLC cells, 1628 genes were expressed differentially (log10(control) > 1, |log2FC| > 1)
in radioresistant vs. parental cells: 808 genes were up-regulated, while 820 genes were
down-regulated (Supplementary Table S1). Radioresistant sublines demonstrated seven
common up-regulated genes (ATRNL1, CA2, CNR1, FAM189A1, GFRA1, RASGRP1, RGL3);
however, no statistically significant enrichment was found (Figure 2a). The nine down-
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regulated genes that were common between A549IR and H1299IR cells included ADGRF1,
EPHA7, LOX, LY6G5C, NSUN7, SLC22A31, SNAI2, TNFRSF11B and ZNF233 (p = 0.0105)
(Figure 2b).

 

(a) (b) 

∩
∩

∩

Figure 2. Differential gene intersection showing: (a) up-regulated genes in A549IR cells ∩ H1299IR
cells; (b) down-regulated genes in A549IR cells ∩ H1299IR cells. Red asterisk indicate statistical
significance * p < 0.05.

Within the obtained gene sets, Gene Ontology (GO)-based functional analysis provides
statistically enriched GO terms that show gene relationships according to three ontology
categories and described gene products. These categories are biological process, molecular
function and cellular component [11]. We then identified significantly enriched GO terms
and characterized radioresistant vs. parental A549 and H1299 cells. In total, enriched
GO terms were found in 80 subcategories under biological process, three subcategories
under cellular component, and seven subcategories under molecular function. In biological
process ontology, the results indicated that desmosome organization, regulation of vitamin
D biosynthesis and metabolic process, negative regulation of DNA damage response
and signal transduction by p53 class mediator, negative regulation of anoikis, apoptosis,
regulation of cell adhesion mediated by integrin and regulation of cell morphogenesis
were mainly associated with radioresistant A549IR and H1299IR cells. Significant GO
enrichment profiles in the biological process (BP) (only the first 30 out of 80 BPs p-value
less than 0.01) are summarized in Table 1. Enriched GO molecular function terms in
radioresistant A549IR and H1299IR cells were oxidoreductase activity, transmembrane-
ephrin receptor activity, chemorepellent activity and E-box binding. Through GO analysis,
we found that overrepresented GO terms in our radioresponsive gene sets were closely
linked to such cellular components as hippocampal mossy fiber to CA3 synapse, integral
and intrinsic components of postsynaptic density membrane.

Table 1. Differential genes intersection for biological process ontology for common down-regulated
genes in A549IR cells ∩ H1299IR cells.

ID Description p-Value Adjusted Genes

GO:0002934 desmosome organization 0.019522 SNAI2
GO:0030656 regulation of vitamin metabolic process 0.019522 SNAI2
GO:0042368 vitamin D biosynthetic process 0.019522 SNAI2
GO:0048251 elastic fiber assembly 0.019522 LOX
GO:0048755 branching morphogenesis of a nerve 0.019522 EPHA7
GO:0070561 vitamin D receptor signaling pathway 0.019522 SNAI2
GO:0072178 nephric duct morphogenesis 0.019522 EPHA7

GO:1905809 negative regulation of synapse
organization 0.019522 EPHA7
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Table 1. Cont.

ID Description p-Value Adjusted Genes

GO:0061314 Notch signaling involved in heart
development 0.019522 SNAI2

GO:0033629 negative regulation of cell adhesion
mediated by integrin 0.019522 SNAI2

GO:0042362 fat-soluble vitamin biosynthetic process 0.019522 SNAI2
GO:0072176 nephric duct development 0.019522 EPHA7
GO:0018158 protein oxidation 0.019522 LOX

GO:0035791 platelet-derived growth factor
receptor-beta signaling pathway 0.019522 LOX

GO:0010839 negative regulation of keratinocyte
proliferation 0.019522 SNAI2

GO:0042481 regulation of odontogenesis 0.019522 TNFRSF11B

GO:0043518
negative regulation of DNA damage
response, signal transduction by p53

class mediator
0.019522 SNAI2

GO:0003198
epithelial to mesenchymal transition

involved in endocardial cushion
formation

0.019522 SNAI2

GO:0045779 negative regulation of bone resorption 0.019522 TNFRSF11B
GO:0048670 regulation of collateral sprouting 0.019522 EPHA7
GO:2000811 negative regulation of anoikis 0.019522 SNAI2
GO:0032026 response to magnesium ion 0.019522 TNFRSF11B
GO:0046851 negative regulation of bone remodeling 0.019522 TNFRSF11B

GO:0060973 cell migration involved in heart
development 0.019522 SNAI2

GO:0009110 vitamin biosynthetic process 0.019522 SNAI2
GO:0031290 retinal ganglion cell axon guidance 0.019522 EPHA7

GO:0032793 positive regulation of CREB transcription
factor activity 0.019522 ADGRF1

GO:0034104 negative regulation of tissue remodeling 0.019522 TNFRSF11B
GO:0046716 muscle cell cellular homeostasis 0.019522 LOX
GO:0150146 cell junction disassembly 0.019522 SNAI2

2.3. Radiation-Induced Transcriptome Alteration in Radioresistant NSCLC Cells through Pathway
Activation Level (PAL) Analysis

Pathway Activation Level (PAL) is an integral parameter, which serves as an accu-
rate qualitative measure of pathway activation [12]. The PAL analysis was performed for
functional analysis of our radioresponsive gene sets acquired from the RNA-seq of radiore-
sistant sublines relative to their parental cells using data from Reactome [13], NCI Pathway
Interaction [14], Biocarta, KEGG Adjusted, Metabolism and Primary databases. As a result,
we found 420 differential pathways (Benjamini Hochberg adjusted p-value < 0.05) between
radioresistant A549IR and parental A549 cells. A total of 230 pathways were up-regulated
in radioresistant A549IR cells (PAL > 0) and 190 pathways were down-regulated in A549IR
cells (PAL < 0). Here, we present the top 10 up-regulated and down-regulated pathways
associated with the radioresistance-related transcriptome alteration in A549IR sublines
(p-value less than 0.05) (Figure 3a,b). Based on the results of the PAL analysis, we first iden-
tified demannosylation (“Progressive trimming of alpha-1,2-linked mannose residues from
Man9/8/7GlcNAc2 to produce Man5GlcNAc2”), interleukin 12 biosynthesis, c-Kit path-
ways and BCR signaling, proposing metabolical, immunological/inflammatory responses,
cell migration and actin filament polymerization as pathways that could be meaningfully
associated with radiation tolerance of A549IR cells. Among the top 10 down-regulated
pathways with lowest PAL-score, Anthrax toxin pathways involving apoptosis, inflamma-
tory responses, necrosis, negative regulation of macrophage activation and phagocytosis
were involved in A549IR radioresistance (Figure 3a).

We found 1616 differential pathways (Benjamini Hochberg adjusted p-value < 0.05) be-
tween radioresistant and parental H1299 cells: 917 pathways were up-regulated (PAL > 0),
while 699 pathways were down-regulated (PAL < 0) (Figure 3). The most significantly
up-regulated pathways (p-value less than 0.001) associated with H1299IR radioresistance
are shown in Figure 3b. Significant up-regulation of T cell proliferation and differentiation
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points to a link between immunological responses and radiation tolerance in H1299IR cells.
In addition, the high-scoring functions in the pathways were the insulin-like growth fac-
tor 1 receptor (IGF1R) and the diabetes mellitus pathway with subsequent inhibition of the
PI3K/Akt pathway involved in glucose import (Figure 3b). The latter was among the top
10 scoring down-regulated pathways considerably involved in H1299IR radioreisistance.
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Figure 3. PAL chart of A549 and H1299 cells: (a) Top 10 up- and down-regulated pathways in 
A549IR and (b) H1299IR cells, Benjamini Hochberg adjusted p-value < 0.05 (only pathways con-
taining 10 and more genes). 

 

Figure 3. PAL chart of A549 and H1299 cells: (a) Top 10 up- and down-regulated pathways in A549IR
and (b) H1299IR cells, Benjamini Hochberg adjusted p-value < 0.05 (only pathways containing 10 and
more genes).

The overlap between A549IR and H1299IR up-regulated and down-regulated path-
ways contained 142 common differential molecular pathways (Supplementary Table S2).
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Eighty-two pathways were activated and 59 were inhibited. This suggests non-random
overlap between the differential pathways in both comparisons, p < 0.05 (Figure 4).

 

 

(a) (b) 

Figure 4. Overlap between differentially regulated molecular pathways between A549IR and H1299IR
cells. Overlap of significantly (a) up-regulated (PAL > 0) and (b) down-regulated (PAL < 0) molecular
pathways between A549IR and H1299IR cells are shown; * denotes significance at p < 0.05 for the
overlaps obtained in perturbation.

2.4. Differential Pathway Changes in NSCLC Cells

A main factor related to radioresistance is the presence of cancer stem cells (CSC)
inside tumors, which are responsible for metastases, relapses, radiation therapy failure,
and a poor prognosis in cancer patients. The Wnt signaling is one of the key cascades
regulating maintenance of CSCs, metastasis and immune control of many cancers including
NSCLC [15]. We further analyzed the expression of key signaling pathways involved in
cancer radioresistance, including Wnt, p53, Hippo, NF-kB, Akt, FOXO, etc. (22 pathways in
total) (Figure 5). Heatmap analysis revealed slight up-regulation of beta1 integrin (Alpha9
beta1 integrin signaling events), Wnt (Wnt ligand biogenesis and trafficking, WNT5A-
dependent internalization of FZD4) and NF-κB signaling for both A549IR and H1299IR
cells (Figure 5, red rectangle). Among pathways of interest, p53, HSF, Cyclin D1, and FOXO
almost did not show any change in radioresistant cells over their parental cell lines.

Interestingly, H1299IR cells demonstrated a significant increase in Wnt signaling over
parental level, compared to A549IR subline. “NCI Wnt signaling network Main Pathway”
and “NCI FOXA2 and FOXA3 transcription factor networks Main Pathway” were almost
50-fold up-regulated in H1299IR over parental cells, suggesting their role in radioresistance
of p53-deficient NSCLC. The level of the main Wnt signaling pathway and Wnt target
genes, as well as the “Regulation of HSF1-mediated heat shock response”, “Regulation
of retinoblastoma protein” and “FOXM1 transcription factor network”, were significantly
up-regulated in H1299IR compared to A549IR cells (Figure 5), suggesting the role of geno-
type in radioresistance-associated pathway profiles. In contrast, the down-regulation of
“Inactivation of Gsk-3 by Akt Causes Accumulation of B-Catenin in Alveolar Macrophages”,
“KEGG Hippo signaling pathway” and “Akt phosphorylates targets in the cytosol” were
more significantly down-regulated pathways in H1299IR than in A549IR subline.
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κ

 

Figure 5. Heat map of RNA-Seq transcriptome analysis for 22 selected pathways in A549IR and
H1299IR cells. The most significant differences between H1299IR and A549IR sublines are highlighted
in red. Benjamini Hochberg adjusted p-value < 0.05.

2.5. Charachteristics of Senescence-Associated Radioresistance in NSCLC Cells

It is becoming increasingly clear that acute and chronic senescence are character-
ized by distinct senescence-associated secretory phenotype (SASP) factors involved in
tumor progression. A positive correlation between radioresistance and early induction
of head-and-neck squamous cell carcinoma (HNSCC) cell senescence accompanied by
NF-κB-dependent production of distinct senescence-associated cytokines was identified by
Schoetz et al. [16]. Hence, despite the subtle up-regulation of NF-κB signalling (Figure 5),
we attempted to further elucidate the transcription of NF-κB-regulated genes encoding key
secretory proteins of SASP. Based on the Chien analysis [17] of 263 genes involved in H-
RasV12-induced senescence in IMR-90 normal lung fibroblasts, a well-characterized system
of cellular senescence, we analyzed changes in the expression of select NF-κB-regulated
genes that encode secretory proteins in our radioresistant sublines. In total, we analyzed
the expression of 13 genes (Table 2). Only H1299IR showed significant up-regulation of
CXCL8, a gene coding IL8, a ligand for the chemokine receptor CXCR2, and TGFB2, the gene
encoding a secreted ligand of the TGF-β (transforming growth factor-beta) superfamily
of proteins. Both A549IR and H1299IR sublines demonstrated significant increase in the
expression of IL6.

Table 2. Differential gene expression of NF-κB-regulated secretory proteins in A549IR and H1299IR cells
(statistically significantly up-regulated genes shown in green, down-regulated genes shown in red).

Genes A549IR LFC A549IR p-Value H1299IR LFC H1299IR p-Value

CCL20 −1.325 0.246 −0.085 0.791
CCL3 0.079 0.810 −0.085 0.791

CXCL1 0.043 0.895 0.739 0.134
CXCL2 −0.448 0.348 −0.037 0.917
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Table 2. Cont.

Genes A549IR LFC A549IR p-Value H1299IR LFC H1299IR p-Value

CXCL3 −0.247 0.348 0.054 0.924
CXCL5 0.513 0.119 −0.085 0.791
CXCL8 −0.299 0.424 3.544 0.000
FGF2 −0.066 0.760 −0.194 0.560
IL1A 0.773 0.354 −0.085 0.791
IL1B 0.299 0.582 0.283 0.738
IL6 1.494 0.006 1.500 0.004

NRG1 −0.322 0.212 −2.212 0.009
TGFB2 −0.037 0.863 1.579 0.003

However, the expression of IL6 alone was not accompanied by the increase in the
proportion of SA-β-Gal positive cells in A549IR vs. A549 (Figure 6). In contrast, H1299IR
cells had a significantly higher (**** p < 0.001) fraction of SA-β-Gal positive cells compared
to the parental subline. Collectively, our findings emphasize the emerging role of secreted
factors (IL8, IL6, TGF-β and Neuregulin 1) in regulating senescence through paracrine
and/or autocrine mechanisms conferring radioresistance in NSCLC cell lines.

✱✱✱✱
✱✱✱✱

β
Figure 6. Changes in the proportion of SA-β-Gal positive cells in A549IR and H1299IR. Data are
means ± SEM for more than three independent experiments. **** p < 0.0001.

3. Discussion

The present study used whole-genome expression profiles to characterize the radiore-
sistance of A549IR and H1299IR NSCLC cells. The integrative analysis of the expression
RNA profiles revealed deregulated biological processes or pathways that may serve as
predictors of radiosensitivity and future prospective therapeutic targets. To investigate
the gene expression profiles and molecular pathway activation levels, two NSCLC ra-
dioresistant sublines (A549IR and H1299IR) with different p53 status were established by
fractionated irradiation in a total dose of 60 Gy. We previously reported the activation
of pro-survival signaling DNA repair pathways in A549IR and H1299IR cells, including
G2/M cell cycle progression, BRCA1 pathway, ATR and DNA double-strand breaks repair
by homologous recombination and non-homologous end joining [10]. The key molecular
and cellular characteristics of radioresistant cells, including DNA repair, proliferation,
epithelial-to-mesenchymal transition, etc., were confirmed and characterized in our previ-
ous studies [8,9,18,19].

Recent studies using transcriptomic analysis suggested the role of lncRNAs, such
as H19 [20], circRNAs, such as ZNF208 [21], whole-genome miRNA and mRNA [22] in
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determining NSCLC radioresistance. This demonstrates that transcriptomics is a valuable
readout for evaluating outcomes in NSCLC patients undergoing radiotherapy [23]. Here,
we interrogated the gene expression profiles obtained by sequencing of total RNA isolated
from parental (A549 and H1299) and radioresistant (A549IR and H1299IR) NSCLC cells
differing in their p53 status.

We observed up-regulation of 164 and 808 genes in radioresistant A549IR and H1299IR
cells, respectively. Aiming to identify potent common biomarkers of NSCLC radioresis-
tance, we observed seven common up-regulated genes (ATRNL1, CA2, CNR1, FAM189A1,
GFRA1, RASGRP1, RGL3) and nine common down-regulated genes (ADGRF1, EPHA7,
LOX, LY6G5C, NSUN7, SLC22A31, SNAI2, TNFRSF11B and ZNF233) between the two cell
lines. Among them, several up-regulated genes are known to be involved in the formation
of tumor microenvironments (Carbonic anhydrase 2 (CA2)) [24,25], cancer chemoresistance
(Cannabinoid receptor 1 (CNR1) [26], GFRA1 [27]) and cancer recurrence after therapy
(RGL3) [27,28]. Interestingly, some of the common down-regulated genes, such as EPHA7
and NSUN7, are known for both their tumor suppressing and promoting roles, or are associ-
ated with overall survival (OS) (SLC22A31) [29–32], while others have clear pro-tumorigenic
roles (ADGRF1, LOX, LY6G5C, SNAI2, TNFRSF11B, ZNF233) [30,33–36]. This may suggest
a differential role of many potent pro-tumorigenic genes in cancer aggressiveness and in
sustaining radioresistant phenotypes of NSCLC cells during normal culture conditions.
However, this notion warrants further investigation and the role of each up-regulated and
down-regulated gene in NSCLC radioresistance must be confirmed individually.

High-throughput gene expression data allows calculating pathway activity levels
(PAL) associated with cancer radioresistance. In A549IR cells, one of the most activated
pathways included progressive trimming of alpha-1,2-linked mannose residues from
Man9/8/7GlcNAc2 to produce Man5GlcNAc2 (Figure 4a). N-glycan demannosylation is a
highly conserved mechanism allowing cells to avoid protein misfolding and subsequent
functional deficiency and cellular toxicity [37]. This process occurs in the Golgi apparatus
and forces irreparable misfolded glycoproteins into the Endoplasmic Reticulum-Associated
Degradation (ERAD) pathway, where they can be destroyed [38]. Our results demonstrate
for the first time the association of the Man-trimming pathway with NSCLC radioresistance.

Surprisingly, we observed the NO2-dependent IL-12 Pathway in NK cells (Figure 4a)
as the second most activated pathway in A549IR cells. The IL-12 is a cytokine that activates
the large granular lymphocytes or natural killer cells (NK) and is considered a strong
candidate for immunotherapy-based tumor cell killing [39]. At the same time, Single
Nucleotide Polymorphisms (SNPs) in the IL-12 gene have been associated with the risk of
NSCLC [40,41] and breast cancer [42].

The overall effect of senescence on cancer progression and cancer cell resistance to
X-ray radiation is still not fully understood and remains controversial. Senescence is a state
where cells neither function normally nor die. Cells that are damaged or old may enter this
suspended state. In this state, they do not reproduce, but are able to communicate with
the tumor microenvironment (TME) through senescence-associated secretory phenotype
(SASP) in a paracrine fashion [43]. Albeit stress-induced senescence is generally considered
to be a tumor-suppressive mechanism [44], long-term treatment-induced senescence of
cells may be harmful. Long-term induction of senescence will produce TME that promotes
inflammation and immunosuppression [45]. Hence, induction of cancer cell senescence as
a recently suggested new therapeutic strategy against cancer [46–49] should be context-
dependent and evaluated carefully based on the cancer stage. Additionally, it seems to be
possible to develop new therapeutic strategies to combine priming (immunization) with IR-
induced senescent patient-derived cancer cells with IR treatments. In this regard, our study
provides new add-in transcriptomic information about activation of SASP-related genes and
signaling pathways in response to certain IR stress-inducing insults of different duration.

Interleukins as secretory proteins are involved in SASP-related radioresistance [50].
Previously reported positive correlation between radioresistance of human HNSCC cell
senescence accompanied by NF-κB-dependent production of distinct senescence-associated
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cytokines [16], together with the up-regulation of NF-κB signaling observed in our study,
allowed us to assume their potent role in NSCLC radioresistance. The results of the
differential gene expression analysis of NF-κB-regulated secretory proteins revealed the
association of CXCL8, IL6 and TGFB2 up-regulation and NRG1 down-regulation with
the increase in the proportion of SA-β-Gal positive cells in H1299IR subline (Table 2).
Notably, CXCR2/IL8 activation is associated with both NSCLC lymph node metastasis and
unfavorable prognosis for patients with NSCLC [51]. TGF-β1 causes a switch from cohesive
to single cell motility and intravasation that are essential for blood-borne metastasis in
breast cancer [52]. It also mediated neutrophil recruitment that drives NOTCH1 signaling-
mediated metastasis in colorectal cancer [53]. In H1299IR cells, NRG1, Neuregulin 1 coding
gene, was significantly down-regulated (Table 2). Importantly, MUC1 and NRG1 are
controlled by the Eukaryotic Translation Initiation Factor 4 Gamma 1 (EIF4G1) for NSCLC
survival and tumorigenesis with clinical relevance [54], while NRG1 is the major tumor
suppressor gene postulated to be on 8p: it is in the correct location, is antiproliferative and
is silenced in many breast cancers [55]. Last, but not least, the up-regulation of IL6 alone
seemed to be insufficient to induce senescence, as can be seen by the low SA-β-Gal-positive
fraction of A549IR cell subline (Figure 6). Our findings suggest that the CXCR2/ligand-axis
activation can be pivotal in driving radiotherapy-induced senescence in NSCLC.

Among other pathways involved in cell migration, proliferation and survival, we
observed the up-regulation of anandamide degradation pathways in the A549IR subline.
Anandamide is an endocannabinoid, part of a family of biologically active lipids that bind
to and activate cannabinoid receptors and play a role in biological activities of both the
central and periphery nervous systems [56,57]. Anandamide can be transported into the cell
where it is metabolized by cyclooxygenase 2 (COX-2) to prostaglandin-ethanolamides (PG-
EAs) [58]. The PGs, for example PGE2, are likely to mediate some of the tumour-promoting
effects of COX-2, such as immune response, angiogenesis and cell proliferation [59,60]. An
IR-induced increase in COX-2 expression was previously observed in radioresistant A549
cells [61]. Moreover, targeting COX-2 inhibited malignant proliferation of A549 cells in vivo
and in vitro [62]. Thus, our results support previously published data on anandamide
degradation pathways in radioresistance.

Most of the down-regulated pathways in A549IR cells contained the Anthrax toxin
(Figure 4a). Tumor endothelial marker 8 (TEM8), also known as anthrax toxin receptor 1
(ANTXR1), is highly expressed in cancers. Its expression level was associated with tumor
size, primary tumor stage and a poor prognosis in patients with lung adenocarcinoma [63].
The ANTXR1 is expressed on metastatic breast cancer stem cells (CSCs) and functions
in collagen signaling, as well as Wnt signaling, ZEB1 expression, and CSC self-renewal,
invasion, tumorigenicity, and metastasis [64]. The ANTXR1 was identified as a functional
biomarker of triple-negative breast CSCs, and pancreatic ductal adenocarcinoma (PDAC)
patients stratified based on the ANTXR1 expression level showed increased mortality and
enrichment of pathways known to be necessary for CSC biology, including TGF-β, NOTCH,
Wnt/β-catenin, and IL-6/JAK/STAT3 signaling and epithelial to mesenchymal transition,
suggesting that ANTXR1 may represent a putative CSC marker [65]. However, based on
our data, the ANTXR1 pathway does not play a role in NSCLC radioresistance.

In H1299IR cells, radioresistance was associated with deregulation of metabolism
including PI3K/Akt signaling pathway involved in the development of obesity and type
2 diabetes mellitus (DM) [66]. The DM has been shown to be associated with NSCLC
progression, suggesting that pre-existing diabetes is an independent prognostic factor for
overall survival (OS) among patients with both diabetes and lung squamous cell lung
carcinoma who receive standard treatments [67–69]. Women with lung cancer and diabetes
had significantly increased risk of overall mortality (HR = 1.27, 95% CI: 1.07–1.50) compared
to those without diabetes [70]. However, it is still unclear whether the DM is a risk factor
for developing NSCLC or vice versa. Here we demonstrate significant up-regulation of
Type 2 diabetes mellitus pathways in H1299IR cells through overexpression of IGF-1R and
down-regulation of the PI3K/Akt signaling pathway (Figure 3b). The IGF-1R may activate
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two major signaling pathways, the PI3K/Akt and MAPK pathways [71]. The activated form
of Akt, phosphorylated Akt (p-Akt), may inhibit several proapoptotic factors including
glycogen synthase kinase-3 beta (GSK3β) [72], which in turn mediates insulin resistance
and human type 2 diabetes [73]. Thus, it is tempting to speculate that up-regulation of
DM pathways in H1299IR cells serve as a prognostic biomarker of DM in patients with
NSCLC, suggesting that pre-existing NSCLC is a potent inducer of DM leading to a worse
prognosis. However, this notion warrants further investigation.

Unlike A549IR, H1299IR cells demonstrated significant up-regulation of the IL-4 sig-
naling pathway (Figure 3b). The IL-4 plays a role in T cell activation, differentiation,
proliferation, and survival [74] and, together with its receptor complex (IL4R), has been
studied for their role in epithelial cancer progression, including enhanced migration, inva-
sion, survival, and proliferation [75]. Recently, T cell marker genes were proposed as novel
prognostic signatures for lung squamous cell carcinoma (LUSC) patients [76].

We observed significant 50-fold up-regulation of Wnt signaling in H1299IR cells.
Wnt proteins are secreted glyco-lipoproteins that participate in cell fate determination,
proliferation and the control of asymmetric cell division during lung development [77].
It has been suggested that Wnt signaling is also involved in the regulation of cancer
stem cells [78] and thus, plays an important role in lung carcinogenesis [79]. The major
(canonical) Wnt pathway signals through β-catenin [80]. In the absence of Wnt, β-catenin
undergoes proteolytic degradation by β-catenin destruction complex consisting of axis
inhibition protein (AX-IN), adenomatous polyposis coli (APC), and glycogen synthase
kinase 3 beta (GSK3β) phosphorylates β-catenin [78]. In the presence of Wnt, cytoplasmic
levels of β-catenin rise and it migrates to the nucleus where it activates the expression of
various target genes, including cyclin D1 [81], c-Myc [82] and survivin [83].

To elucidate whether Wnt pathway contributes to radioresistance in NSCLC, we
further evaluated the Wnt pathway activation. We observed significant up-regulation of
canonical (Wnt/β-catenin) pathway in radioresistant H1299IR cells, but not in A549IR cells
(Figure 5). Moreover, this process was accompanied by down-regulation of inactivation
of GSK3 by Akt, which can cause accumulation of β-catenin in alveolar macrophages
pathway. A GSK3β inactivation influences β-catenin, leading to increases in cell motility
and migration. The phosphorylation of GSK3β by Akt results in its inactivation. The down-
regulation of this process leads to the presence of activated, non-phosphorylated GSK3β,
which in turn can phosphorylate β-catenin at Ser33/37. This results in the proteasomal
degradation of β-catenin. In colon cancer cells with hyperactivated canonical Wnt signaling,
pharmacological inhibition of the PI3K-Akt signaling leads to a nuclear accumulation of
β-catenin and FOXO3a, and subsequently increased cell scattering and metastasis [84].
The FOXA2 and FOXA3 transcription factor networks were also up-regulated in H1299IR
cells (Figure 5). In A549IR cells, down-regulation of the Wnt signaling pathway might be
associated with upregulation of the MCC gene which can suppress cell proliferation and
the Wnt/β-catenin pathway in colorectal cancer cells (Supplementary Table S1) [85].

The genes and signaling pathways identified in this study provide new important
insights into the mechanisms underlying radioresistance in NSCLC cells. The observed
whole genome expression profiles can be linked to molecular and cellular characteristics of
radioresistant cells, including decreased radiosensitivity, resistance to cell death, enhanced
cell proliferation and migration, and raise interest as potential biomarkers and therapeutic
targets for NSCLC treatment.

4. Materials and Methods

4.1. Cell Cultures and Irradiation

The A549 (p53 wild-type) and H1299 (p53-deficient cells) cell cultures and their iso-
genic radioresistant sublines A549IR and H1299IR were cultured in RPMI-1640 medium
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with L-glutamine and
antibiotics under standard conditions (37 ◦C, 5% CO2).
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The radioresistant sublines were established after 30 fractions of 2 Gy X-ray exposure
using 200 kV X-ray RUB RUST-M1 X-irradiator facility (0.85 Gy/min, 2 × 5 mA, 1.5 mm
Al filter, JSC “Ruselectronics”, Moscow, Russia). Cells were irradiated five days a week at
room temperature. After reaching a total dose of 60 Gy, cells were cultured at 37 ◦C in a
humidified atmosphere with 5% CO2 for up to 3 weeks to recover. The radioresistence was
previously confirmed using clonogenic assay [19].

4.2. Clonogenic Test and Soft Agar Colony Formation

The A549, A549IR, H1299, and H1299IR cells were subjected to single X-ray irradiation
at doses of 2 Gy, 4 Gy, and 6 Gy, removed from the plastic surface immediately after
irradiation, and plated on Petri dishes 60 mm in diameter in the amount of 150, 500,
1000, and 2000 cells/well, respectively. Petri dishes were incubated at 37 ◦C in a humid
atmosphere with 5% CO2 for two weeks to form colonies. After that, the cells were fixed
with 100% methanol for 15 min at room temperature, followed by Giemsa staining for
15 min. Only colonies containing more than 50 cells were counted. Seeding efficiency (PE)
and survival rate (SF) were calculated using the following equations:

PE = number of colonies formed/number of cells seeded × 100% (1)

SF = number of colonies formed/(number of cells seeded × PE) (2)

The ancorage-independent soft agar colony formation assay was performed according
to the procedure described Borowicz et al. [86]. Exponentially growing A549, A549IR,
H1299, and H1299IR cells were X-rayed at doses of 0 Gy, 2 Gy, 4 Gy, and 6 Gy. Collected
by trypsin treatment, cells were mixed with 0.6% purified agar. Cell/agar mixtures were
added to 6 well plates pre-coated with 1.0% purified agar in complete medium (1.5 mL agar
per well) and allowed to solidify for 30 min at room temperature before being placed in a
humidified cell culture incubator at 37 ◦C. Twice a week, 100 µL of culture medium was
added to the wells to prevent the agar from desiccation. After colonies formed (~21 days),
they were stained with 0.05% crystal violet and counted manually.

4.3. Transcriptomic Analysis

The gene expression level was evaluated by RNA-seq analyses of three biological
replicates of each cell line. The InnuPREP RNA Mini Kit 2.0 together with innuPREP DNase
I Digest (Analytik Jena, Berlin, Germany) were used to isolate total RNA. To measure
RNA concentration, we used the Qubit 4 Fluorometer with Qubit RNA Assay kit. The
RNA integrity number (RIN) was measured by TapeStation with RNA ScreenTape reagents
(Agilent, Santa Clara, CA, USA). For depletion of ribosomal RNA and library construction,
the KAPA RNA HyperPrep Kit with the RiboErase (HMR) kit were used. The KAPA
UDI Primer Mixes were used for sample barcoding to allow their multiplexing in a single
sequencing run. Library concentrations were measured using the Qubit 4 Fluorometer with
the Qubit dsDNA HS Assay kit (Life Technologies, Waltham, MA, USA) and TapeStation
with High Sensitivity D1000 reagents (Agilent). The RNA sequencing was performed on
the Illumina Nextseq 550 System with reagents for single-end sequencing and read length
of 75 bp.

4.4. Bioinformatics Analysis

FASTQ read files were analyzed using the STAR software [87] in “GeneCounts” mode
using transcriptome annotation from Ensembl (GRCh38 genome assembly and GRCh38.89
transcriptome annotation). In total, expression levels of 36,596 genes were measured. The
data was normalized using DESeq2 [88].

Changes in the activation of intracellular molecular pathways of IR-survived cells
compared to parental cells were quantified using the Oncobox bioinformatics platform [89].
A total of 38 molecular pathways associated with DNA repair were used for analysis [90].
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Pathway activation level (PAL) for each molecular pathway was calculated using
the formula:

PALp = ∑
n

ARRnp × ln CNRn ÷ ∑
n

|ARRn|, (3)

where PALp is the level of activation of the molecular pathway p; CNRn (case-to-normal
ratio)—the ratio of gene n expression level in a tumor sample under study to an average
level for the control group; ‘ln’ is the natural logarithm; the discrete ARRnp value (role of
activator/repressor) of gene n product in the p pathway is determined as follows: ARRnp is
−1 if gene product n inhibits pathway p; 1 if n activates pathway p; 0 if n has ambiguous
or unclear role in a pathway p; 0.5 or −0.5 if n is rather an activator of a pathway or its
inhibitor, respectively.

4.5. Gene Ontology (GO) Analysis

The GO analysis is a commonly applied method for functional studies of large-scale
genomic or transcriptomic data [11]. Function enrichGO from the clusterProfiler package
was used to identify significantly enriched GO terms among the given list of genes that are
differentially expressed in radioresistant and parental cells [PMID: 22455463]. Statistically
overrepresented GO categories with p-value < 0.05 were considered significant.

4.6. Analysis of Senescence-Associated β-Galactosidase (SA-β-Gal) Positive Cells

The “Cellular Senescence Assay” commercial kit (EMD Millipore, Burlington, MA,
USA, Catalog Number: KAA002) was used for quantification of senescence-associated
β-galactosidase (SA-β-Gal) positive cells. The cells were stained according to the manufac-
turer’s protocol. The stained cells were visualized using EVOS® FL Auto Imaging System
(Fisher Scientific, Pittsburgh, PA, USA) with 20× objective. The proportion of SA-β-Gal
positive cells was calculated manually.

4.7. Statistics

Statistics were performed using GraphPad Prism 9.0.2.161 software (GraphPad Soft-
ware, San Diego, CA, USA). Statistical significance was tested using the Student t-test.
The results are represented as means ± SEM of more than three independent experi-
ments. Significance levels were denoted by asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

5. Conclusions

For the first time, we investigated the transcriptome profile of radioresistant NSCLC
sublines of A549 and H1299 cells through RNA-seq and bioinformatic functional analysis.
Our research with this new methodological approach may provide a useful guideline
for the experimental design of gene expression studies and for exploring novel routes
to uncover the complete regulatory network involved in radioresistance. In the present
study, we used only two radioresistant NSCLC cell sublines derived from parental A549
and H1299 cells. However, it will be worth investigating the differences of the same set
of differentially expressed genes in other tumor cell lines and primary cells isolated from
lung tumor tissue. Some of the identified novel targets could be potentially interesting in
further studies for sensitization of tumor cells to improve radiation effects. Our research
could help to interpret the complicated molecular mechanisms leading to radioresistance.
Furthermore, it might contribute to the identification of other target genes for predictive
biomarkers, improving radiotherapy.
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Abstract: The overall effect of senescence on cancer progression and cancer cell resistance to X-
ray radiation (IR) is still not fully understood and remains controversial. How to induce tumor
cell senescence and which senescent cell characteristics will ensure the safest therapeutic strategy
for cancer treatment are under extensive investigation. While the evidence for passage number-
related effects on malignant primary cells or cell lines is compelling, much less is known about how
the changes affect safety and Senescence-Associated Secretory Phenotype (SASP), both of which
are needed for the senescence cell-based vaccine to be effective against cancer. The present study
aimed to investigate the effects of repeated passaging on the biological (self-renewal capacity and
radioresistance) and functional (senescence) characteristics of the different populations of short-
and long-term passaging glioblastoma multiforme (GBM) cells responding to senescence-inducing
DNA-damaging IR stress. For this purpose, we compared radiobiological effects of X-ray exposure
on two isogenic human U87 cell lines: U87L, minimally cultured cells (<15 passages after obtaining
from the ATCC) and U87H, long-term cultured cells (>3 years of continuous culturing after obtaining
from the ATCC). U87L cells displayed IR dose-related changes in the signs of IR stress-induced
premature senescence. These included an increase in the proportion of senescence-associated β-
galactosidase (SA-β-Gal)-positive cells, and concomitant decrease in the proportion of Ki67-positive
cells and metabolically active cells. However, reproductive survival of irradiated short-term cultured
U87L cells was higher compared to long-term cultured U87H cells, as the clonogenic activity results
demonstrated. In contrast, the irradiated long-term cultured U87H cells possessed dose-related
increases in the proportion of multinucleated giant cancer cells (MGCCs), while demonstrating higher
radiosensitivity (lower self-renewal) and a significantly reduced fraction of DNA-replicating cells
compared to short-term cultured U87L cells. Conditioned culture medium from U87H cells induced
a significant rise of SA-β-Gal staining in U87L cells in a paracrine manner suggesting inherent SASP.
Our data suggested that low-dose irradiated long-term cultured GBM cells might be a safer candidate
for a recently proposed senescence cell-based vaccine against cancer.

Keywords: glioblastoma multiforme; multinucleated giant cancer cell; senescent tumor cells (STC);
stress-induced premature senescence (SIPS); senescence-associated secretory phenotype (SASP)

Int. J. Mol. Sci. 2023, 24, 2002. https://doi.org/10.3390/ijms24032002 https://www.mdpi.com/journal/ijms114



Int. J. Mol. Sci. 2023, 24, 2002

1. Introduction

Glioblastoma multiforme (GBM) is one of the most aggressive and most common
malignant primary brain tumors in adults and often occurs in patients over 65 years of
age [1,2]. Radiotherapy is still a treatment of choice for patients with GBM. However, its
efficacy is limited by the dose that can be safely administered without eliciting serious
side-effects, especially in elderly and debilitated patients, as well as the fact that recurrence,
metastasis and radioresistance are common in GBM [3]. Radiotherapy can cause cancer cells
to enter a state of stress-induced premature senescence (SIPS), thereby slowing down the
cell cycle and further proliferation and allowing cancer cells to escape the DNA-damaging
effects of X-rays. It is believed that SIPS rather than apoptosis, is preferentially induced in
GBM cells after radio-and chemotherapy. Cancer cell senescence inhibits cancer growth by
halting massive proliferation and increasing chances of immune clearance [4].

While the evidence for passage number-related effects on malignant primary cells
or cell lines is compelling, much less is known about how the changes affect safety and
SASP, both of which are needed for a recently proposed senescence cell-based vaccine to
be effective against cancer. Indeed, it was discovered that senescent tumor cells induce
a bigger immune response than dead cancer cells [5]. Inducing tumor formation in mice
previously injected with senescent tumor cells led to the development of fewer tumors, with
some developing none. Albeit the injection was less effective against pre-existing tumors,
this research suggests that a potential senescent cell cancer vaccine could show promise.

The quality and the reproducibility of anti-cancer effects of senescence cell-based
vaccines depends on the quality and safety of the tumor cells used to make the vaccine.
In turn, these characteristics of tumor cells seem to depend not least on the degree of
subcultivation of cancer cells. The effects of passage number are usually long lasting.
Transformed and diseased cell lines are of special concern, since they represent abnormal
starting populations. Over time, they may change both their genotypic and their phenotypic
traits. In these cell types, one or all of the typical cellular checkpoint genes, such as
p16/INK4a, pRB and p53, have been altered whereby the cells have become “eternal”.
These alterations are often in parallel with other cellular mutations, and the continual
subculture of these cell lines exacerbates genomic and phenotypic instability [6]. For
example, reduced cancer stem cell characteristics in a side population (SP) of late-passage
non-small cell lung cancer (NSCLC) cells was reported. These include increased frequency
of tumor-initiating and self-renewal capacity, and resistance to DNA-damaging agent
doxorubicin and ionizing radiation [7]. The discovery that the SP from long-term passage
NSCLC cells was not consistently enriched for stem cell-like cancer cells in the cancer stem
cell research field leads to the recommendation to use only low-passage cell lines.

Further complicating matters is that a passage level considered “high” for one cell line
may not give rise to any significant passage effects in another. To prevent passage-related
effects from affecting experiments, it is important to know how many experiments can be
performed in a given set of cells at the same time, and how many there are.

How to induce tumor cell senescence to serve as a therapeutic strategy for cancer
treatment is under extensive investigation. Thus, studies of the molecular mechanisms
of cancer cell senescence and cancer cells’ escape from senescence will provide a new
perspective on how cancer can be treated safely.

The overall effect of senescence on cancer progression and cancer cell resistance to
X-ray radiation (IR) is still not fully understood and remains controversial. Senescence is a
state where cells neither function normally nor die. Cells that are damaged or old may enter
this suspended state. In this state, they do not reproduce, but they still communicate with
the tumor microenvironment through SASP in a paracrine fashion [8]. Albeit stress-induced
senescence is generally considered to be a tumor-suppressive mechanism [9], long-term
treatment-induced senescence of cells may be harmful. Long-term induction of senescence
will produce a tumor microenvironment that promotes inflammation and immunosup-
pression [10]. Hence, induction of cancer cell senescence as a recently suggested new
therapeutic strategies against cancer [5,11–13] should be context-dependent and evaluated
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carefully based on the cancer age. Additionally, it is possible to develop new therapeutic
strategies to combine priming (immunization) with IR-induced senescent patient-derived
cancer cells with IR treatments [14].

Based on all these findings, we thought be worth investigating the effects of repeated
passaging on the biological (self-renewal capacity and radioresistance) and functional
(senescence) characteristics of different populations of short- and long-term cultivated
GBM cells responding to senescence-inducing DNA-damaging IR stress. We compared
U87 cell lines that differ significantly in the culture duration after receiving from the ATCC:
low passage number U87 cell lines (U87L) that have undergone up to 15 passages and
high passage number U87 cell lines (U87H) that have undergone more than 3 years of
continuous passaging. Our results demonstrate that long-term cultivation may sensitize
GBM cells to IR, while possessing the safest phenotype, including constitutive highest
SASP and lowest self-renewal capacities. In contrast, the short-term cultivated GBM cells
sustained higher reproductive survival possibly through an IR dose-related increase in the
proportion of SA-β-Gal-positive cells (both MGCCs and non-MGCCs) that might ultimately
lead to GBM radioresistance.

2. Results

2.1. Long-Term Cultivation Leads to a Decrease in Clonogenic Growth of GBM Cell Line
after Irradiation

Clonogenic assay or colony formation assay is an in vitro cell survival assay based
on the ability of a single adherent cell to grow into a colony and is a “gold standard” for
assessing cancer cells’ radiosensitivity [15]. The number of colonies originating from single
cells is expressed by plating efficiency (PE), an index which has emerged for normalization
of surviving fractions based on the major premise that under untreated conditions the
relation between the number of seeded cells and the number of resulting colonies is linear.
PE is often used for determining the effects of growth factors and toxicity testing. We
aimed to evaluate PE alteration of IR exposed minimally cultured (U87L) and long-term
cultured (U87H) GBM cells. We observed that 2 Gy IR significantly increases PE of U87L
cells (by 1.45 times, p < 0.01) and decreases its value after 6 Gy exposure (by 2.71 times,
p < 0.001) compared to non-irradiated cells (Figure 1a). In contrast, U87H cells displayed a
dose-dependent decrease in the PE by 1.55 times (p < 0.01) and by 3.67 times (p < 0.001)
after irradiation at doses of 2 and 6 Gy, respectively (Figure 1b). Despite the PE results,
U87L cells had higher survival fractions (SF) compared to U87H after irradiation at a
dose of 6 Gy (p < 0.01) (Figure 1c), indicating their higher radioresistance growing under
anchorage-dependent conditions.
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Figure 1. Plating efficiency of U87L (a) and U87H (b) cells after exposure to 2 and 6 Gy IR. Colony
formation efficiency in soft agar of U87L (d) and U87H (e) cells after exposure to the same doses
of IR. Reproductive survival of GBM cell lines was analyzed using survival fraction of cells grown
under both anchorage-dependent (c) and anchorage-independent conditions (f). * p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001; ***** p < 0.00001.

Anchorage-independent growth is the ability of transformed cells to grow indepen-
dently of the attachment to a solid surface, and is a hallmark of carcinogenesis, anoikis
resistance and propensity to tumor metastasis [16]. To evaluate whether the long-term
culturing affects the anoikis resistance of two isogenic U87 cell sublines, we assessed
their reproductive survival using anchorage-independent soft agar colony formation assay.
Whereas U87L cells demonstrated increased ability to grow and to form colonies under
non-adherent conditions (Figure 1d), the long-term cultured U87H cells had a significantly
reduced ability (Figure 1e) both with and without IR exposure. Consequently, the survival
fraction of U87L cells significantly exceeded that of U87H cells (Figure 1f) supporting the
notion that long-term culturing leads to decreases in reproductive survival of the GBM
U87H cell subline in response to IR-induced stress.

2.2. Influence of Preceding Cultivation Length on Metabolism of GBM Cells after Irradiation

To understand the underlying mechanisms of the discovered clonogenic effect of
long culturing of malignant cells, we evaluated the metabolic changes in cells of two U87
sublines forming the colonies in soft agar. Alamar Blue test has been widely used for
cytotoxicity and viability assays based on the ability of NADPH oxidoreductases to reduce
the oxidized, non-fluorescent, blue state of the compound to a fluorescent, pink state [17].
The significant increase (by 1.25 times, p < 0.01) and decrease by 2.83 times (p < 0.00001) in
metabolic activity of U87L cells in response to IR at 2 and 6 Gy, respectively (Figure 2a),
correlates well with the dynamics in their colony formation efficacy (Figure 1d) after IR
exposure at the same doses. At the same time, irradiation did not lead to a change in
metabolic activity of colony-forming long-term cultured cells of U87H subline (Figure 2b).
Taken together, our results demonstrate that the retained ability of the U87L cell subline to
modulate its own activity of NADPH oxidoreductases may underlie the high reproductive
survival in response to IR-induced stress.
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Figure 2. Assessment of the metabolic activity of U87L (a) and U87H (b) cells 7 days after irradiation
at doses of 2 and 6 Gy using the Alamar Blue test in soft agar. ** p < 0.01; ***** p < 0.00001.

2.3. IR Increases the Proportion of Senescent MGCCs in the Short-Term, but Not in the Long-Term
Cultivated GBM Cell Line

Advanced age is a major risk factor for the development of GBM [18]. At the same time,
MGCCs arise in response to ionizing radiation in many tumors and contribute to cancer
relapse by first entering a state of dormancy which is often accompanied by the stress-
induced premature senescence (SIPS) phenotype and ultimately giving rise to cell progeny
with stem-like properties [19]. We found that the proportion of MGCCs in response to
irradiation at single therapeutically relevant doses of 2 and 6 Gy differs for U87 cell sublines
depending on the duration of their preceding cultivation. We observed an increase in the
proportion of MGCCs in U87L cells by 1.5 times (from 7.2% in non-irradiated cells to 10.5%,
p = 0.006) 24 h after irradiation at a dose of 6 Gy (Figure 3b). For U87H cells, this effect was
more pronounced: there was a statistically significant increase in the proportion of MGCCs
by 2.2 times (from 5% in non-irradiated cells up to 11.2%, p = 0.0095) and 3.77 times (up to
18.8%, p = 0.0002) at 24 h after irradiation at doses of 2 and 6 Gy, respectively (Figure 3c).

As the stress-induced premature senescence (SIPS) phenotype is typically identified by
senescence-associated β-galactosidase (SA-β-Gal) staining, we further aimed to compare
the proportion of SA-β-Gal+ cells in the MGCCs and non-MGCCs populations of two GBM
cell lines.

The basal proportion of SA-β-Gal+ cells in the non-MNGCs population of non-irradiated
U87H cells (27.9%) was almost the same as in the U87L cell line (28.5%) (Figure 3d,e). Ioniz-
ing irradiation of U87L cell lines caused significant increase in SA-β-Gal+ cells up to 31.3%
(p = 0.07) and 42% (p = 0.0008) at 2 Gy and 6 Gy, respectively (Figure 3d). In contrast, the
same populations of irradiated U87H cells did not change significantly, reaching 27.2%
(p = 0.6) and 29.7% (p = 0, 7) at 2 Gy and 6 Gy, respectively (Figure 3e).

The proportion of SA-β-Gal+ MGCC population in U87L cell lines increased up to 3%
(p = 0.2) and 4.5% (p = 0.014) in response to irradiation doses of 2 and 6 Gy (Figure 3d), while
the proportion of SA-β-Gal+ MGCCs in the U87H cell line was statistically indistinguishable
(Figure 3e). Consequently, the proportion of SA-β-Gal+ MGCCs in the U87L cell lines after
irradiation increased from 31.5% (non-irradiated cells) up to 45% and 43% of total MGCC
population irradiated at 2 Gy and 6 Gy, respectively. The SA-β-Gal+ MGCC proportion
in U87H cell lines decreased from 52% (non-irradiated cells) down to 23% of total MGCC
population after irradiation at doses of 2 and 6 Gy.

Thus, irradiation triggered an increase in the proportion of both SA-β-Gal-positive
MGCCs and non-MGCC populations in U87L cell lines, leaving unchanged the level of this
senescence marker in the U87H cell line.
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Figure 3. MGCCs formation in minimally-cultured and long-term cultivated GBM upon irradiation.
Representative picture of MGCCs (indicated by arrows) (a). Change in the proportion (%) of MGCCs
in U87L (b) and in U87H (c) cell lines 24 h after irradiation. Changes in the proportion (%) of SA-β-
Gal+ populations in U87L (d) and U87H (e) cell lines 24 h after exposure to IR at doses of 2 and 6 Gy.
* p < 0.05; ** p < 0.01, *** p < 0.001.

2.4. Proliferative Activity of GBM Cells in Response to a Single Dose Irradiation

While eliminating tumor cells, cancer therapies could also induce a sustained prolifer-
ation arrest (treatment-induced dormancy) allowing a significant proportion of dormant
cells to remain viable and metabolically active for long times post-treatment. We compared
the level of EdU-positive (DNA replicating) cells between U87L and U87H lines using con-
ventional Click-ITTM EdU Alexa Fluor 488 cell proliferation assay. The irradiation did not
affect the fraction of DNA-replicating (EdU+) U87L cells (Figure 4a), while it reduced the
fraction of proliferating U87H cells (Figure 4b) after 6 Gy by 1.8 times (p < 0.001) compared
to non-irradiated cells.

The Ki-67 protein is not required for cancer cell proliferation, but is required for all
stages of carcinogenesis [20]. As seen from our data, 6 Gy irradiation caused completely
opposite changes in Ki-67 expression: there was a more than 3 times increase (p < 0.0001)
and almost 3 times decrease (p < 0.0001) in U87H (Figure 4d) and U87L (Figure 4c) cells,
respectively. Thus, increased levels of Ki-67 expression led to an almost 2-fold decrease
in the amount of DNA-replicating minimally-cultured U87H cells (Figure 4a), indicating
inhibition of proliferation caused by an excess of Ki-67, which is in good agreement with
the previous investigations [21]. On the other hand, a significant decrease in the percentage
of Ki-67 in U87L cells may evidence a slowdown in their cell cycle without a significant
change in the fraction of DNA-replicating cells (Figure 4a).
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β

Figure 4. Assessment of the proliferative activity of minimally cultured U87L (a,c) and long-term
cultured U87H cells (b,d). Change in the percentage of EdU+ cells (a,b), as well as change in the
Ki-67 fluorescence intensity (%) (c,d) was measured 24 h after irradiation at doses of 2 and 6 Gy.
*** p < 0.001; ***** p < 0.00001.

2.5. Long-Term Cultured U87H Cells Demonstrate Senescence-Associated Secretory Phenotype

To elucidate whether the changes in long-term cultivated U87H line are associated
with Senescence-Associated Secretory Phenotype (SASP), we cultivated U87L cells with
the condition medium (CM) obtained from U87H cells (Figure 5a). CM obtained from
high passaged U87H cells increased the proportion of SA-β-Gal+ U87L cells by 1.6 times
compared to control after incubation for 3 days (Figure 5b).
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Figure 5. Assessment of the formation of SA-β-Gal positive cells in U87L line cultured in conditioned
medium (CM) obtained from U87H cells. Schematic representation of the experiment (a). Percentage
of SA-b-Gal positive cells formed in U87L cells cultured in CM and in the medium from U87L cell
line (control) (b). ** p < 0.01.
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3. Discussion

Cellular senescence emerges in response to multiple extracellular or intracellular stress
stimuli, such as telomeric dysfunction resulting from repeated cell division, mitochondrial
impairment, oxidative stress, severe or irreparable DNA damage and chromatin disruption,
and the expression of certain oncogenes. The senescence program causes permanent cell-
cycle arrest, preventing the spread of damage to the next cell generation and precludes
potential malignant transformation, which makes it a plausible anticancer mechanism
during radiotherapy. However, this state of stable proliferative arrest is accompanied
by the Senescence-Associated Secretory Phenotype (SASP), which entails the abundant
secretion of pro-inflammatory molecules in the tissue microenvironment and contributes to
age-related diseases, including GBM [22]. GBM is a primary brain tumor with a median
age of diagnosis of 68–70 years [23]. The incidence rate of GBM increases with age from
1.25 per 100,000 people in adults of 35–44 years of age to 15.13 among older people of
75–84 years of age [24]. The basis for the increased incidence of GBM among elderly people
remains poorly understood [18].

In the present study, we demonstrate the comparative analysis of X-ray irradiation
exposure on two isogenic GBM cell lines: U87L, minimally cultured cells (<15 passages
after obtaining from the ATCC) and U87H, long-term cultured cells (>3 years of continuous
culturing after obtaining from the ATCC). During the cultivation period, U87H cells under-
went several episodes of neosis—one of the forms of cell division, characterized by atypical
karyokinesis through nuclear membrane budding, followed by asymmetric intracellular
cytokinesis, producing various amounts of small mononuclear cells called Raju cells, which
have an extended mitotic lifespan [25].

Short-term cultured U87L cells further demonstrated reduced radiosensitivity based
on the resistance to anoikis assessed by soft agar assay (Figure 1f). Anoikis is the type
of apoptotic cell death arising upon loss of attachment to the extracellular matrix and
neighboring cells. Cancer cells may acquire resistance to anoikis, which allows them to
survive after detachment from the primary sites, disseminate throughout the body and
repopulate in secondary sites giving metastases [26]. Recent study demonstrated that
clusters of circulating tumor cells were mostly large (≥5 µm), exhibited polyploidy and
were associated with worse outcomes in non-small cell lung cancer (NSCLC) patients [27].
Here we demonstrate that the radioresistance of short-term cultured GBM cells may be
associated with an increase in MGCC formation (Figure 3).

Is the increase solely enough to confer radioresistance of short-term cultivated GBM
cell lines? Corroborating the notion that MGCC formation in GBM induces senescence
upon irradiation to sustain survival [28], we observed the increase of SA-β-Gal positive
cells in U87L cell line. Surprisingly, despite the isogenic U87H cell line producing more
MGCC (Figure 3c,b), there was no change in the fraction of SA-β-Gal+ cells in response to
IR-induced stress (Figure 3d,e).

To investigate the source of this discrepancy we analyzed the proportion of SA-β-gal-
positive cells among MGCC and non-MGCC populations of both isogenic cell lines. In
contrast to observations by Kaur et al. [28], we found almost the same significant amount of
preexisting MGCC cells, while radiation-induced MGCC formation and senescent marker
expression (SA-β-Gal) were different between isogenic cell lines (Figure 3). Indeed, we
found for the first time that long-term cultivated cells lost the ability to produce significant
amounts of SA-β-Gal+ cells within both MGCC and non-MGCC populations respectively to
the doses of IR-induced stress. Thus, sustainably increased SA-β-Gal activity rather than a
rise in total MGCC production might play a pivotal role in maintenance of the reproductive
survival of the short-term cultivated U87L cell line in response to IR-induced stress.

There are two phenotypes of cell dormancy: senescent cells (SIPS phenotype), in which
cell cycle arrest is often irreversible, and resting cells (quiescence phenotype), which can
be both non-proliferating, and slowly cycling [29]. While U87L cells demonstrated no
change in DNA replication and decreased Ki-67 expression upon 6 Gy irradiation, U87H
cells showed decreased DNA replicating activity accompanied by significant increase of
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Ki-67 expression (Figure 4). It is important to note that Ki-67 protein is not required for
cancer cell proliferation, but rather required for all stages of carcinogenesis. The variability
in Ki-67 expression is explained by its regulation through the cell cycle and is linked
to heterochromatin packing density [20]. Our data corroborate previous findings that
significant up-regulation of Ki-67 expression often down-regulates the DNA-replication in
cancer cells [21]. Cancer treatment selects for Ki67– dormant cells, and at the same time,
induces both apoptosis and tumor dormancy in Ki67+ tumor cells, resulting in an increased
number of Ki67– and Ki67 low dormant cells [30]. Since SA-β-Gal activity can be found in
both senescent and quiescent cells, in the present study we could not specify the precise
dormancy phenotype of our GBM cell lines, albeit it warrants further investigation.

One of the hallmarks of the activation of cellular senescence is the secretion of a
plethora of cytokines, chemokines, and growth factors, which is referred to as SASP [31].
It was demonstrated that oncogene-induced senescence acted to induce senescence in
human primary melanocytes through an autocrine/paracrine fashion primarily by the
secretion of IGFBP7 [32]. A senescent cell bystander effect was illustrated by Nelson et al.,
in which replicative senescent fibroblasts induce senescence in young fibroblasts in vitro
through junction-mediated cell-cell contact [33]. Later on, it was shown that the senescence
phenotype can be transmitted in a paracrine manner from fibroblasts undergoing oncogene-
induced senescence to normal human fibroblasts and that the transmitted phenotype is
stable [34]. In the present study, we observed that long-term culturing of cells alleviates
SASP phenotype enabling induction of senescence marker in short-term cultured U87L cells
(Figure 5b). The last, not least, our findings might have important clinical implications. The
recent discovery that senescent tumor cells induce a bigger immune response than dead
cancer cells [5] suggests that a potential senescent cell cancer vaccine could show promise.
It is possible to develop new therapeutic strategies to combine priming (immunization)
with IR-induced senescent patient-derived cancer cells with IR treatments [14].

Moreover, other recent studies have also shown that in situ-induced senescent cancer
cells cause the adaptive immune system to become active. These cells can be caused
by either GATA6 [35] or ZNF24 [12,13] ectopic expressions. Alternatively, cancer cell
senescence can be alleviated by HMGCR inhibitor statins [36]. This offers a new strategy
for the treatment of pancreatic cancer by suppression of up-stream TFCP2 signaling and
induction of senescence.

Now, the question of how senescent cells interact with the adaptive immune system
has become a subject of intensive studies. The immune system activation includes dendritic
cells and CD8 T-cells recruited by senescent cancer cells producing SASP [37]. These effects
were supplemented by inducing the processing and presentation of MHC-I antigens elicited
by either X-ray irradiation [38] or doxorubicin [5]. Moreover, senescence related-genes
controlling immune cell infiltration of senescence will produce a tumor microenvironment
and responses to immune checkpoint blockage (ICB) as a lung cancer therapy [11].

While the evidence for passage number-related effects on malignant primary cells
or cell lines is compelling, much less is known about how the changes affect safety and
SASP, both of which are needed for the senescence cell-based vaccine to be effective against
cancer. In this regard, with some assumptions and reservations, it is possible to consider
the U87H cell line as an “aging” subline of U87L cells. Then, short-term cultured U87L cells
demonstrated higher reproductive survival compared to their isogenic “aged” counterpart
after X-ray radiation exposure. Thus, long-term cultivated GBM cells possess the safest
phenotype: highest sensitivity to IR and constitutive highest SASP, while having the lowest
self-renewal capacities. Our data provides novel molecular insights into a multistep process
of post-radiation reproductive survival in GBM and can be exploited for age-related anti-
cancer interventions in the treatment of GBM.
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4. Materials and Methods

4.1. Cell Culture

The ATCC human U87 GBM cell lines were used in our study. U87 cell lines were
cultured in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% FBS (BioloT, Saint Petersburg, Russia), 1% L-glutamine (Gibco, Grand Island, NY,
USA), and 1% antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin) (Sigma-Aldrich,
St. Louis, MO, USA). U87L cell lines, which have undergone (up to 15 passages) after
thawing and culturing of the original ampoule from ATCC, and the U87H cell lines, which
have undergone long-term continuous cultivation (more than 3 years) were used. Cell lines
were kept in a humidified atmosphere with 5% CO2.

4.2. Irradiation

Cells were irradiated at room temperature in doses of 2 and 6 Gy using a 200 kV
X-ray RUB RUST-M1 biological unit (Ruselectronics, Moscow, Russia). The dose rate was
0.85 Gy/min ± 10%.

4.3. Anchorage-Dependent Growth Assay

After reaching 70–80% confluence, the cells were exposed to X-ray radiation at doses of
2 and 6 Gy. Immediately after irradiation, control cells and cells irradiated at doses of 2 and
6 Gy were harvested using a 0.05% solution of trypsin-EDTA (PanEco, Moscow, Russia)
and seeded on Petri dishes (60 mm in diameter) at concentrations of 5 × 102, 8 × 102 and
1 × 103 cells/dish, respectively. Then, Petri dishes were incubated at 37 ◦C in a humidified
atmosphere with 5% CO2 for 14 days to form colonies. After that, the culture medium was
removed by aspiration from each dish, the cells were fixed with 100% methanol for 15 min
at room temperature, followed by Giemsa staining for 15 min. Only colonies containing
≥50 individual cells were counted manually.

Plating Efficiency (PE) and Fraction of Cells, which form Colonies (FCC), were calcu-
lated using the following equations:

PE = # of colonies formed/# of cells seeded × 100% (1)

FCC = # of colonies formed after irradiation/[# of cells seeded × PE] (2)

4.4. Soft Agar Clonogenic Assay

6-well plates were coated with 0.6% agar-agar (Sigma-Aldrich, St. Louis, MO, USA)
pre-warmed to 43 ◦C in complete medium. Immediately after irradiation, cells were
collected and cell concentrations were adjusted to 5 × 102, 8 × 102 and 1 × 103 cells/mL.
Cell/0.3% noble agar mixtures were added into each well and allowed to solidify for
another 30 min at room temperature before placing into a 37 ◦C humidified cell culture
incubator. Three weeks later, colonies were stained with 5% Crystal Violet solution and
their number was counted manually.

4.5. AlamarBlue Cell Viability Assay in Soft Agar

100 µL of 0.3% agar-agar in growth medium was added to a 96-well microculture plate
(Sigma-Aldrich, TPP Zellkultur. Testplatte, Trazadingen, Switzerland) and left to solidify at
room temperature for 30 min. Immediately after irradiation, cell suspensions were gently
mixed with 0.2% agar-agar preheated on water at 43 ◦C. The final concentration of cells per
well was 6 × 102 cells/100 µL. Immediately after solidification, 50 µL of 0.3% agar-agar
in growth medium was added to each well as a feeding layer and allowed to solidify
for 30 min at room temperature. Cells were incubated under standard CO2 incubator
conditions (5% CO2, 37 C) for 7 days, after which 10% AlamarBlue reagent (Invitrogen,
Frederick, MD, USA) was added to each well and cells were incubated for 2 h at 5% CO2
and 37 ◦C. The fluorescence of the AlamarBlue reagent was determined using a CLARIOstar
instrument (BMG LABTECH, Ortenberg, Germany) at excitation/emission wavelengths of
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530/590 nm. The obtained data were processed using the MARS data analysis software
(BMG LABTECH, Ortenberg, Germany).

4.6. Wright-Giemsa Staining and Analysis of MGCCs

Cells were cultured in a 96-well plate (Sigma-Aldrich, TPP Zellkultur. Testplatte,
Trazadingen, Switzerland) at a concentration of 5 × 103 cells/0.32 cm2. 24 h after irradiation,
the cells were fixed with absolute methanol for 5 min, after which they were stained using
Wright-Giemsa solution diluted 1:10 in 1X PBS (pH 6.6) for 1 h, followed by washing with
1X PBS (pH 6.6) and distilled water. The average number of MGCCs was calculated in five
microscopic fields of view at ×100 magnification.

4.7. Senescence Associated β Galactosidase Assay (SA-β-Gal)

Detection of the activity of aging-associated beta-galactosidase (SA-β-Gal) (a marker
of the cellular senescence phenotype) was performed using a commercial cell senescence
assay kit (EMD Millipore KAA002, CA, USA). The presence of the β-Gal enzyme in cells is
determined by the characteristic green staining of the cytoplasm. The cells were stained
according to supplemented manufacturer protocol with the following modification: at
the final 1X PBS washing step, the cell nuclei were stained with 1 µg/mL Hoechst 33342
(Thermo Scientific, Rockford, IL, USA). Such modification significantly improves the quality
of counting of SA-β-Gal-negative cells [39,40]. The stained cells were visualized using an
EVOS® FL Auto Imaging System (Fisher Scientific, Pittsburgh, PA, USA) with 20× objective.
The proportion of SA-β-Gal-positive cells was calculated manually.

4.8. Click-iT™ EdU Alexa Fluor 488 (Cell Proliferation Assay)

The Click-iTTM EdU Alexa Fluor 488 Imaging kit (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA) was used to assess cell proliferation. Cells were visualized using an
ImageXpress Micro XL automated digital imaging and High Content imaging and Analysis
system (Molecular Devices LLC, San Jose, CA, USA).

4.9. Immunofluorescence Analysis of Ki-67

Cells (at a concentration of 2 × 103 cells/0.05 cm2) were seeded in a 384-well plate for
24 h. Then, cells were washed briefly in 1X PBS (pH 7.4) and fixed with 4% formaldehyde
for 15 min, followed by 3 rinses in 1X PBS (pH 7.4). After blocking cells with 6% BSA
(bovine serum albumin) in 1X PBS (pH 7.4) for 1 h at room temperature, cells were incubated
with mouse monoclonal Ki-67 antibody (5 µg/mL, clone Ki-S5, Sigma-Aldrich, Darmstadt,
Germany) diluted in 1X PBS with 1% BSA and 0.3 % TritonX-100 for 1 h at room temperature.
After 3 rinses in PBS, cells were incubated for 1 h at room temperature with Alexa Fluor
555 goat Anti-mouse secondary antibody (1:500, Merck-Millipore, Burlington, VT, USA)
diluted in 1X PBS with 1 % BSA and 0.3 % Triton X-100. Nuclei were counterstained with
Hoechst 33342 Solution (dilution 6 µg/mL, Thermo Scientific, Rockford, IL, USA). Cells
were imaged and inner integrated fluorescence intensities of cells were calculated using the
ImageXpress XL fluorescence microscopy (Molecular Devices LLC, San Jose, CA, USA).

4.10. Conditioned Medium Experiment

U87H and U87L cells were cultured in T25 flasks with 2 × 106 cells in each and
incubated at 37 ◦C and 5% CO2. The conditioned medium from each flask was collected on
the 4th day of incubation and centrifuged at 3000× g for 10 min; then, without collecting
any debris from the bottom of the tubes, the conditioned medium from each flask was
filtered through 0.22 mm filter and diluted in 1:4 ratio with fresh DMEM medium. U87L
cells were later cultured in 6 repeats with the conditioned medium form U87H cells and
6 repeats with the conditioned medium from U87L cells into 96-well plate with seeding
density of 3125 cell/cm2. After 3 days of incubation SA-β-Gal assay was performed.
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4.11. Statistical Analysis

Statistical data processing was carried out using statistical software GraphPad Prism
9.0.2.161 (GraphPad Software, San Diego, CA, USA) and EXCEL 2010 Software (Microsoft,
Redmond, WA, USA). Data presented as means ± SEM. Significance levels are marked
with asterisks: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ***** p < 0.00001.
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Abstract: Modeling ionizing radiation interaction with biological matter is a major scientific challenge,
especially for protons that are nowadays widely used in cancer treatment. That presupposes a sound
understanding of the mechanisms that take place from the early events of the induction of DNA
damage. Herein, we present results of irradiation-induced complex DNA damage measurements
using plasmid pBR322 along a typical Proton Treatment Plan at the MedAustron proton and carbon
beam therapy facility (energy 137–198 MeV and Linear Energy Transfer (LET) range 1–9 keV/µm),
by means of Agarose Gel Electrophoresis and DNA fragmentation using Atomic Force Microscopy
(AFM). The induction rate Mbp−1 Gy−1 for each type of damage, single strand breaks (SSBs), double-
strand breaks (DSBs), base lesions and non-DSB clusters was measured after irradiations in solutions
with varying scavenging capacity containing 2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris) and
coumarin-3-carboxylic acid (C3CA) as scavengers. Our combined results reveal the determining
role of LET and Reactive Oxygen Species (ROS) in DNA fragmentation. Furthermore, AFM used
to measure apparent DNA lengths provided us with insights into the role of increasing LET in the
induction of highly complex DNA damage.

Keywords: proton therapy beam; clustered DNA damage; linear energy transfer (LET); Agarose
Gel Electrophoresis (AGE); Atomic Force Microscopy (AFM); damage biomarkers; scavenging
capacity; biodosimetry

1. Introduction

The radiobiological and physical advantages of highly energetic proton beam therapy
result in a ground-gaining field over several types of photon radiotherapy, with many
proton treatment facilities—in operation or under construction—around the world. Proton
beams transverse biological matter depositing a small amount of energy along the track
with a low entrance dose but releasing most of their energy just before they stop at a
well-defined space range called Bragg Peak. At the distal fall-off of this peak, the energy
deposition stops rapidly. This property is employed in treatment planning systems to
design different beam combinations that produce wider peaks, called Spread-Out Bragg
Peaks (SOBP), with the desired geometrical characteristics of the tumor volume to be
treated. This allows the irradiation of cancers with complicated volumes and/or close to
radiosensitive organs while minimizing normal tissue complications and dose to organs at
risk.
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The excellent dose distribution is the utmost asset of proton beam therapy compared
to photon-based modalities, with relative biological effectiveness (RBE) values slightly
higher than 1 (1.1–1.4) [1]. For many tumor types, this can reduce radiation-induced long-
and short-term side effects in the patients. This is important, especially in reducing the
risks of secondary cancer in pediatric cancer treatment.

The most critical target for radiation-induced damage inside a cell is DNA. Ionizing
radiation (IR) is known to cause many different lesions in the DNA molecule: single-
strand breaks (SSB), double-strand breaks (DSB), base oxidations, abasic sites and DNA
protein crosslinks [2]. When these lesions are not randomly distributed along the DNA
helix within the cell nucleus volume but are located within an area of 10–20 base pairs of
DNA length (few nm), it is defined as complex or clustered DNA damage, which is more
complicated and difficult to repair than SSB. These clustered lesions are considered to be
responsible for cell death and mutations [3,4]. The DNA repair efficiency in such cases
depends on the location, types and number of lesions accumulated in close proximity [5,6].
Although clustered damages are linked to higher cell lethality and mutagenic potential [7],
the stochastic formation perplexes its investigation.

Results in experimental radiobiology underline the direct relationship between clus-
tered DNA damage and the interactions of IR with biological matter, especially the ion-
ization cascades created along the tracks inside the target. Linear Energy Transfer (LET)-
oriented studies shows, in most cases, an increased amount of clustered damage with
increasing LET, leading to increased DNA fragmentation [8–13]. Monte Carlo simulations
and multiscale mathematical approaches also agree with these results and suggest that LET
(or, more exactly, the ionization density) plays a major role in determining the biological
effects [6,14–16]. Therefore, there is a great need for DNA damage biomarkers for a better
understanding of the normal tissue damage in proton and particle therapy beams and a
deeper understanding of the mechanisms leading to either cell death or other effects [17].
RBE greater than unity is generally accepted to reflect the increased complexity of DNA
damage induced by charged particles [1,18]. Several published studies underline the im-
portance of DNA damage experiments using a variety of biological systems (plasmids,
mammalian DNA and cells) to help us better understand the intriguing biological responses
triggered by particles like protons or carbons [19].

The energy of the IR can either be deposited on the DNA macromolecule or the
aqueous environment that surrounds DNA. As a result, DNA damage may occur either
due to direct ionization or excitation of the molecule or due to indirect interaction with
energetic electrons and products like Reactive Oxygen Species (ROS), created by radiolysis
of water, which in their turn react directly/indirectly with the DNA [20,21]. This oxidative
environment enhances the probability of induction of non-DSB clusters, often called OCDLs
(Oxidative Clustered DNA Lesions) [22]. By adding scavengers in the aqueous environment
before irradiation, the production of some of the reactants is eliminated, blocking the
subsequent chain reaction and deactivating ROS. The type and the induction rate of DNA
damage also depend on the free radical generation, scavenger concentration and DNA
characteristics [20,23]. In the presence of radiation, the probability of radiolysis is quite
high since water is the most abundant cell component.

The present work is a bottom-up approach to studying DNA damage, primarily
induced by proton therapy beams, by employing a system of plasmid DNA in an aqueous
solution. This is a simplified model, excluding cell response factors and when irradiated,
it becomes a radiation damage detector. DNA molecules of full and known length in
supercoiled (SC) form are vitiated by irradiation to a different extent according to radiation
parameters and turn to circular (C), linear (L) and fragmented (F) forms. These forms
can be detected by rapid electrophoretic methods, easily quantified and translated into
a number of strand breaks. On the contrary, the number of short fragments of DNA is
more arduous to define and leads to an apparent complex damage decrease, probably
due to underestimation. The number of short fragments can either be estimated through
mathematical models or by employing more radical molecule visualization methods. The
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first method used in this study was Agarose Gel Electrophoresis (AGE) combined with
the Cowan Model, a “traditional” estimation created to describe plasmid forms transitions
and DNA breaks formation, while a second supplementary method used Atomic Force
Microscopy (AFM), which could be a powerful but demanding method to detect fragments
down to 20 nm long (60 bps) [24–26].

Indirect damage through free radicals has been investigated by the addition of Tris and
C3CA ROS-scavengers in the initial plasmid solution before irradiation as a radioprotectant.
Tris is a common buffer scavenging solution that generally protects from DNA denaturation
and free radical attack. C3CA is a coumarin derivative, and coumarins show high biological
activity and low toxicity and are commonly used components in cancer treatment (prostate
and renal cancer and leukemia) since they have the ability to counteract the side effects of
radiotherapy [27].

2. Results and Discussion

2.1. AGE

The DNA electrophoresis adaptation in this study reveals an easily identified transition
between SC, C and L forms of DNA which follows the dose increment and increased
fragmentation (Figure 1a). In general, one expects that as the dose increases, the intact SC
form is dramatically reduced, i.e., within the first 10 Gy. Of course, this phenomenon is
also dependent on the scavenging capacity of the solution, plasmid type and water content,
radiation quality and energies of the particles [28]. Simultaneously, the increasing dose of
IR produces more breaks recorded as C and L bands (top and middle bands equivalently
inside the gel). C is dominant for the first 10 Gy, while the linear DNA production rate
(DSB formation) increases after the saturation point of the circular (Figure 1b). For doses
higher than 10 Gy, the presence of the SC form is less than 1% and what we detect is the
further breakage of C and L plasmid, producing gradually smaller fragments, leading to
the formation of smear in the Agarose Gel Electrophoresis (AGE) gels.

 

(a) (b) 

Figure 1. Electrophoretic plasmid analysis: (a) gel image of plasmid form transition for 10 different
doses from 0 to 50 Gy with DNA ladder also included (right column). The original image has been
slightly enhanced by increasing intensity in order to reveal low-intensity bands (small fragments)
but not altered in other editing ways; SC, C and L are separated as expected due to their different
DNA molecule mobility in the field. The image presented was oversaturated in order to visualize
the fragments (smear in the last lanes). (b) Three plasmid forms transition with increasing dose as
quantified according to gel band intensity.

The above pattern is also followed for samples containing the ROS radioprotectants
(scavengers) Tris and C3CA. As shown in Figure 2, an increase in scavengers’ concentration
results in an overall decrease in SSB formation (which is mainly due to ROS attack).
Figure 2a presents proton (entrance)-induced damage detected as the decrease of SC
fraction with a dose for different Tris scavenging capacities, from no scavenging (105 s−1

of residual Tris) to 108 s−1, revealing radioprotection of the plasmid integrity up to 90%.
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This also proves that a significant amount of the DNA damage is not caused by the initial
particle-target interactions, as the most amount of breaks on SC is caused by water radiolysis
products. In Figure 2b, the SSB Mbp−1 Gy−1 versus scavenging capacity for Tris and C3CA
for protons 198 MeV at the entrance of the beam proves that both scavengers protect DNA
from ROS-mediated fragmentation in a concentration-dependent manner from 55% to 98%.

Table 1. Irradiation parameters along the therapeutic proton SOBP.

Irradiation Position Depth in PMMA (cm) LET (keV/µm) Energy Range (MeV)

A—beam entrance 2 1 198
B—plateau of SOBP 15 3 137–167

C—tail of SOBP 16.8 9 137–167

−

−

− −

 
 

(a) (b) 

 
(c) (d) 

− − −

− −

− −

− −
−

Figure 2. Proton (p) and X-rays−induced DNA damage. (a) Proton (entrance)−induced damage
revealed as the decrease of SC plasmid with dose for Tris scavenging capacity ranging from no
scavenging (105 s−1 of residual Tris) to 108 s−1, revealing the radioprotectant shielding of the plasmid
integrity (up to 90%) the highest Tris concentration. (b) SSB Mbp−1 Gy−1 versus scavenging capacity
for Tris and C3CA for 198 MeV protons at the entrance of the beam proves concentration-dependent
manner. (c) Average number of SSB and single base lesions produced along the Proton Treatment
Plan or X-rays, respectively. (d) Average number of DSB and non−DSB clustered damage produced
along the Proton Treatment Plan or X-rays. The positions are the entrance of the beam, the middle of
the SOBP plateau (midSOBP) and SOBP fall-off, as seen in Figure 3 and Table 1.

The different positions along the treatment plan (Figure 3), and the subsequent rela-
tively slight difference in LET values (Table 1), are also presented in Figure 2. Both strand
breaks and base lesions (breaks deliberately created during post-irradiation treatment by
restriction enzymes on sites of oxidized purines and pyrimidines) for protons and X-rays
are grouped in SSB (Figure 2c) and DSB (Figure 2d) histograms. SSB is accompanied by a
number of single base lesions (Figure 2c) that are 2.7 and 1.1 times the SSB value at beam
entrance and SOBP fall-off. This no remarkably different pattern recorded in SSB along the
beamline is overturned at the middle of the SOBP position, with base lesions being 0.5 times
the SSB. Furthermore, SSB is 29–88 times more than DSB in each case, with the difference
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between entrance and SOBP within the error range for both SSB and DSB, probably due to
similar LET values. Specifically, the mean rates of damage induction at the entrance of the
proton beam are:

μ

− − − −

− − − −

− −

− − − −

− −

μ

Figure 3. General treatment plan dose distribution: the % dose (dashed line) deposited when
irradiating a volume of a hypothetical tumor of 4 cm thickness and approximately 13 cm under the
skin (grey tumor area), as exported by TPS and the equivalent LET change over depth in water (solid
line). The three positions of DNA irradiation (×) along the treatment plan are also marked: the beam
entrance (A), the middle of SOBP plateau (B) and the SOBP fall-off (C).

101.101 ± 16.868 SSB Mbp−1Gy−1, 1.914 ± 0.247 DSB Mbp−1Gy−1, 275.852 ± 114.295 Base
Lesions Mbp−1Gy−1, 10.908 ± 1.778 non-DSB Clusters Mbp−1Gy−1, and for the irradiation
with X-rays at the same position we record 89.559 ± 4.490 SSB Mbp−1Gy−1, 3.147 ± 0.141 DSB
Mbp−1Gy−1, 191.102 ± 10.867 Base Lesions Mbp−1Gy−1, 14.723 ± 0.856 non-DSB Clusters
Mbp−1Gy−1. Figure 2d shows that clustered DNA damages produced by X-rays outnumber
those created by proton beams at the entrance. This may originate from the very low LET for
the protons in the entrance that is similar to that of X-rays (~1 keV/µm); therefore, no major
differences are expected in general. Furthermore, the contribution of non-DSB oxidative
damages in the clusters measured in the case of X-rays is expected to be high, translated
into higher levels of clustered damage. Interestingly enough, previous studies [29–31]
support the prevalence of oxidized base damages in the case of low-LET radiations such as
X-rays. Considering that a percentage of these non-DSB lesions may almost instantly be
converted to DSBs through the lyase/endonuclease enzymatic activity used in the present
assays, then this may lead to higher levels of clusters as measured in the electrophoresis.
Although clustering induced by X-rays appears to numerically exceed clustering produced
by protons at the entrance of the beam, proton radiation is more efficient than X-rays, as
evidenced by the ratio of non-DSB clusters to DSB for X-rays (4.7) being higher than that
for protons (5.7).

At the middle of the SOBP plateau, the mean damage induction rate recorded is
96.012 ± 27.211 SSB Mbp−1Gy−1, 1.529 ± 0.169 DSB Mbp−1Gy−1, 52.085 ± 2.365 Base
Lesions Mbp−1Gy−1, 10.415 ± 1.666 non-DSB Clusters Mbp−1Gy−1. At the fall-off of
SOBP, where we expect to have higher LET values, the recorded damages were not greater
as estimated by simulations for increased LET values but were not always verified by
experimental studies [9]. This may have two interpretations. Considering the steep slope
shift in LET and the dose distribution at the end of the beam trajectory (Figure 3), where
LET increases abruptly but not critically, lower levels of DNA damage is an astounding
proof of the successful use of protons for patient treatment since the healthy tissue area
in very close proximity (within a few millimeters) of the tumor is only mildly stressed.
Especially the low DSB and clustered damage levels, which are potentially lethal for a
cell, imply a relatively safe cell environment. On the other hand, the apparent lower
level of DSB and clustered damage recorded at the SOBP fall-off might be a result of

131



Int. J. Mol. Sci. 2022, 23, 15606

underestimation of the damage due to the highly complex and fragmented DNA molecules,
as also arises by AFM results. This is probably due to the limitations of the method since,
in agarose gel electrophoresis, shorter DNA fragments may escape due to their higher
mobility. The values of the mean damage induction rate recorded at the SOBP fall-off
are 51.069 ± 6.923 SSB Mbp−1Gy−1, 0.579 ± 0.060 DSB Mbp−1Gy−1, 54.453 ± 6.350 Base
Lesions Mbp−1Gy−1, 3.255 ± 0.092 non-DSB Clusters Mbp−1Gy−1.

Experimental results for different scavenging conditions are presented in Figure 4 and
for all irradiation positions along the Proton Treatment Plan: proton beam entrance
(LET = 1 keV/µm), middle of SOBP plateau (LET = 3 keV/µm) and SOBP fall-off
(LET = 9 keV/µm), for Tris and C3CA radioprotectants in all three different values of
scavenging capacity (106 s−1, 107 s−1, 108 s−1) and 105 s−1 of residual TRIS (no scavenger).
Overall, we detect a decrease in the induction of proton-induced DNA damage with in-
creasing scavenging capacity of the solutions. Comparing reduction in damage levels, the
general trend is that with increasing LET (from the entrance to mid-SOBP and fall-off), the
dependency on the antioxidant concentration is reduced.

Figure 5a–d shows our experimental values together with the comparable literature
data on the plasmid model. The numerical values of the present radiation conditions and
the comparable literature data of the plasmid model can be found in Table 1 (Appendix A),
accompanied by all critical radiation and sample parameters. For example, for DSBs in, the
entrance reduction between ‘no scavenger’ to C3CA is ~76% falling to ~65% for the SOBP.
Similarly, for non-DSB (base) clusters, from ~75% reduction (entrance), we go to ~60% for
the SOBP region.

− −

− −

− − −

Figure 4. Cont.
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Figure 4. Proton-induced DNA damage: (a) Average number of SSB (SSB Mbp−1 Gy−1), (b) DSB
(DSB Mbp−1 Gy−1), (c) Base Lesion and (d) non-DSB Clustered DNA damage induction rate versus
increasing the scavenging capacity of Tris and C3CA scavengers (from 10−6 to 10−8 s−1) for the three
irradiation positions: the entrance of the beam (entrance), the middle of the SOBP plateau (midSOBP)
and SOBP fall-off (fall-off).

 

(a) 

 
(b) 

Figure 5. Cont.
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(c) 

 
(d) 

− −
Figure 5. Proton (p)−induced damage yield (Mbp-1 Gy-1) versus scavenging capacity (s−1) as
calculated in the present study for Tris and C3CA (lines are used as guides to the eyes) and literature
values from studies using plasmid models with comparable proton energies and solution scavenging
capacity. (a) SSB, (b) DSB, (c) Base Lesion, (d) Clustered DNA damage induction rates result from a
variety of irradiation conditions, e.g., plasmid in solution or dried, different plasmid concentration
and proton energy, details that can be found in Table 1. (see Refs. [28,32–34]).

In Figure 5, we have included cumulative data from different studies using protons
of different energies and under different scavenging capacities. Closed circles correspond
to the data from the present study, which are in good agreement with the literature data.
One general comment is that when reviewing the data from other studies (Table 1), it can
be seen that there is a great variety of values and, in some cases, disharmony between our
experimental output and the others’ data. Of course, as already explained above, these
type of irradiation experiments depends on several physical and chemical parameters that
may change the overall interaction of protons with DNA. A comparison with results within
the scavenging range of the present study (Figure 5a–d) confirms the strong DNA damages
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elimination by scavengers depicted in Figure 4a–d. Although it is generally believed that
60–70% of the biological effects of low LET IR in mammalian cells are caused by indirect
action [35,36], plasmid studies show larger proportions of indirect damage through more
efficient scavenging. Plasmid studies testing scavenging high LET carbon ion-induced
damage also report results implying 96% of the total SSB amount is attributed to indirect
damage [37,38]. The aqueous nature of the plasmid solutions probably enhances such
findings due to the high radiolysis probability.

By using the mean rate of DSB induction for protons and dividing by the DSB induction
rate for X-rays at the entrance of the beam, we estimated an apparent RBE value of 0.61
at the entrance, 0.49 in the middle of the SOBP plateau and 0.18 at the SOBP fall-off.
The reported [39] average RBE values for cell survival are 1.1 at the entrance, 1.15 in the
center, 1.35 at the distal edge and up to 1.7 in the distal fall-off of the SOBP. These values
are calculated with clonogenic cell survival as an endpoint. It is generally accepted that
endpoints other than clonogenic survival produce such diverse results that do not allow to
avoid the general statement that the RBE is, on average, in line with a value of ~1.1 [40].
RBE values of the present study are based on a simple DNA system of plasmid in an
aqueous solution, which excludes the cell response and their repair mechanisms. This
model serves well when the focus is on damage (excluding cell response and repair), and
the presented RBE values should be considered as damage-calculated. Comparison with
the literature values from cell survival would be unfair, first due to the different complexity
of the systems and calculation methods, but also due to the fact that the generally accepted
RBE values are under question, given the diversity of the results from different irradiation
conditions like cell lines, dose and LET.

2.2. AFM

The results from the AFM length measurements are organized into histograms pre-
senting length distributions in 50-nm-wide bins in the range of 0 to 1550 nm. The relative
frequency of calibrated-from-pixel-to-length plasmid sizes was chosen to present and eval-
uate, and not show the apparent length, because of the variance in the number of evaluable
molecules (N) on mica surfaces for each experimental condition. Figure 6 presents a typical
topographic AFM image of plasmid on mica (see more in Figure 1 in Appendix A) and the
relative frequency distribution of the lengths of 0 Gy (control) and 10 Gy. The 0 Gy distri-
bution shows the detection of tight-binding DNA conformations of total length mostly of
~200–300 nm, underestimating the length of the supercoiled fraction due to the adsorption
of the 3D molecules on the 2D mica surface. On the other hand, 10 Gy distribution reveals
the segmentation of the initially supercoiled plasmid into one-stranded unfolded DNA
pieces by recording molecules along the whole distribution range.

With increasing dose (Figure 7), there is a shift to smaller plasmid lengths revealed
as increased DNA fragmentation due to multiple breaks. The same trend seems to follow
the LET increase, since even in the case of small increment as in our experiment (Figure 7a
corresponds to proton beam entrance and LET = 1 keV/µm, while Figure 7b to SOBP
fall-off plasmid position with LET = 9 keV/µm) the fragment distribution shifts to smaller
linear recorded DNA forms.
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μ
μ

μ μ

Figure 6. Atomic Force Microscopy (AFM) measurements: The relative frequency distribution of
apparent molecule lengths for control sample (0 Gy) and irradiated with 10 Gy (proton beams)
together with AFM images of DNA molecules of different forms. A representative AFM image
(5 µm × 5 µm) of plasmid pBR322 on freshly cleaved mica surface, revealing the DNA macromolecule
conformations. Such images are used as input for length evaluation and spread-out full-length circular
molecules are utilized as calibration rulers for pixel-to-nm conversion. The length of the super-twisted
supercoiled fraction is underestimated due to its adsorption on the mica surface. As a result, the
apparent length of control plasmid is recorded smaller, while plasmid irradiated with plasmid is
distributed along the whole range of lengths.

μ
μ

(a) (b) 

μ μ

Figure 7. Relative frequency distributions of apparent molecule lengths measured using AFM
for plasmid pBR322 irradiated with doses of 20, 30 and 50 Gy at (a) the entrance of proton beam
(LET = 1 keV/µm) and (b) SOBP fall-off (LET = 9 keV/µm).
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3. Materials and Methods

3.1. Sample Preparation

Plasmid pBR322, a vector of 4361 base pairs, dissolved in 10 mM Tris–Hcl, 1 mM
EDTA (New England BioLabs Inc., Ipswich, MA, USA), was purified from salts via dial-
ysis in ultrapure water (Pur-A-Lyzer dialysis kit from Sigma-Aldrich, St. Louis, MO,
USA). Our study included two types of scavengers: coumarin-3-carboxylic acid (C3CA) (a
water-soluble coumarin derivative) and 2-amino-2-(hydroxymethyl)propane-1,3-diol (Tris)
with hydroxyl radicals (•OH) reaction rate constant kC3CA = 6.8 × 109 M−1 s−1 [41] and
kTris = 1.5 × 109 M−1 s−1 [42]. Three forms of plasmid samples were prepared: plasmid
without scavenger, plasmid with C3CA and plasmid with Tris in total scavenging capacity
of 106 s−1,107 s−1 and 108 s−1 for each compound. Scavenging capacity equals the product
k × S, where S is the scavenger concentration. Every sample contained 10 ng/µL of the
plasmid in 20 mM potassium phosphate buffer, pH 7, ultrapure water and scavenger so-
lution in a total volume of 160 µL irradiated in a polypropylene microtube (0.5 mL) with
0.85-mm-thick walls.

3.2. Irradiation and Dosimetry

Samples were irradiated at MedAustron Ion Beam Therapy Center in Wiener Neustadt,
Austria, with doses up to 50 Gy at room temperature and kept on ice before and after irradiation.

3.2.1. Set-Up

The set-up that held all sample tubes consisted of a Teflon frame holder that allowed
positioning of a removable plastic base at different heights. This frame was always placed
vertically in the metal base of the solid water RW3 slab phantom, which was also used for a
standard dosimetric quality assurance procedure by means of UNIDOSwebline with the
ionization chamber ROOS (PTW, Freiburg, Germany).

3.2.2. Proton Irradiation

Treatment planning and dose calculations were performed with the RayStation TPS
V5.99 (RaySearch, Stockholm, Sweden) for a hypothetical scenario of an existing tumor,
4 cm thick and 13 cm behind the skin. The set-up was placed on a robotic table (KUKA
robot, Reutlingen BEC GmbH, Pfullingen, Germany), and then the table was placed in
front of the beam, in a position that was calculated during the treatment planning. The
proton beams were of energy range 137–198 MeV with the corresponding LET values
1–10 keV/µm along the clinical SOBP (Figure 3), a LET range that is important to cell
killing [43]. The samples were irradiated in order of minutes under room temperature, and
they were otherwise kept on ice. Doses of 0, 1, 2, 4, 8, 10, 15, 20, 30 and 50 Gy were delivered
in different positions along the proton treatment plan, and an ionization chamber was used
for dose monitoring. The chosen positions were achieved by interfering with polymethyl
methacrylate (PMMA) plates of calculated thicknesses in front of the samples (Table 1).

3.2.3. X-rays

A YXLON X-ray unit (Yxlon International X-ray GmbH, Hamburg, Germany) was
employed for plasmid irradiation. The X-ray tube was adjusted to 200 kV, 20 mA, and the
dose rate was found to be constant at 1.25 Gy/min. Since the source tube was horizontal
and the ROOS chamber set-up prerequisites 1 mm PMMA plate to position the plane
parallel chamber vertically to the irradiation axis, all samples were exposed and taped on
the back side of that PMMA plate and kept on ice before and after irradiation.

3.3. Post-Irradiation Treatment—DNA Damage Detection

3.3.1. Agarose Gel Electrophoresis in Tris-Acetate-EDTA (TAE) Buffer

Three subsamples of 5 µL, derived from each sample, were incubated at 37 ◦C for
1 h without or with enzymes: Formamidopyrimidine DNA glycosylase (Fpg) or Endonu-
clease III (Nth) in specific complementary reaction buffers (New England BioLabs Inc.).
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Both enzymes are E. coli base excision repair enzymes and catalyze cleavage of oxidized
nitrogenous bases. Fpg catalyzes lesions in purines, while Nth in pyrimidines and, due to
associated lyase activity, they convert both existing and resulting abasic sites and oxidized
bases into DNA strand breaks [44]. The optimal enzyme concentration was found by
titration of each enzyme to succeed maximum specific along with minimum non-specific
cutting activity and by comparing irradiated with non-irradiated samples treated with dif-
ferent enzyme concentrations. Enzymatic reactions were quenched by adding 2 µL of DNA
loading dye (MassRuler, ThermoFisher, Waltham, MA, USA) containing bromophenol blue,
3.3 mM Tris–HCl and 11 mM EDTA. The different forms of plasmid DNA were separated
and then visualized by employing agarose gel electrophoresis on 1% agarose gel stained with
fluorescent dye SYBR Green I (Sigma-Aldrich) under electric field of 100 V in 0.5 × TAE.

At this stage and under the presence of single- and double-strand breaks, plasmid
DNA is separated into bands-fractions of different conformations: supercoiled (SC), circular
(C) and linear (L) and fragments (F), with the last one being non-detectable due to method
limitations (Figure 8). These patterns were visualized with green filter on an MYECL Imager,
and band analysis was performed with the image processing program MYImageAnalysis™
v2.0 Software (Thermo Scientific, Waltham, MA, USA). The full-length molecule bands of
SC, R and L were identified and integrated. The attempt to include F in the analysis was
not always possible, as shorter-than-linear plasmid lengths have greater mobility in the
electric field, appearing as a smear under L and SC bands that were not always countable.
Averaged SC, C and L relative fractions are quantified by gel luminosity and translated
into DNA breaks using Cowan model [45,46] (Equations in Figure 8).

μ

μ

 

Figure 8. The electrophoresis concept: Each plasmid sample is added in a well (cathode side), electri
Figure 8. The electrophoresis concept: Each plasmid sample is added in a well (cathode side), electric
field is applied at the gel edges and under the electric potential difference, the negatively charged
DNA migrates to the anode side through the gel net. Due to the net-like agarose gel, different DNA
forms are separated according to the size of each form that created three clearly distinguishable bands.
Supercoiled (SC) plasmid (small-sized twisted DNA) is moving easier and faster, crossing a larger
pathway inside the gel and appearing as a more distant band. The large circular (C) and linear (L)
molecules have lower mobility than SC, and they are trapped in areas closer to the well. Therefore, the
unfolded C appears as higher band in the gel, and L forms a band in between. Additionally, smaller
DNA fragments (F) of higher mobility appear as a smear inside the gel. SC is the compact initial
DNA with no break; C is caused by the cleavage of one DNA strand (SSB) and L by the cleavage of
two strands (DSB). F results from further nicking cannot be safely measured via AGE and is excluded
from present analysis. By defining the amount of SC, C and L and employing Cowan model [45]
(equations above), we translate it into number of SSB and DSB.
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The slope of SSB and DSB vs. dose plots converts results into the useful quantity
of G-values (breaks per Gy per Mbp). To improve the statistics, AGE was performed
twice for each irradiation condition, and image analysis was performed twice for each gel.
The irradiation was only repeated for the middle of SOBP. Results are the mean values
accompanied by the error of the mean.

Base lesions and non-DSB clustered damage are calculated via the difference between
enzymatic cleavage and strand breaks. Base lesions correspond to the excessive SSB, and
non-DSB clustered damage is the excessive DSB that is produced by Nth and Fpg enzymes.

3.3.2. AFM Analysis

Samples were also analyzed with an atomic force microscope. A part of the dialyzed
(or/and also irradiated) plasmid sample was diluted to 1 ng/µL pBR322 in 1 mM MgCl2.
Mg2+ cations of such a concentration stabilize double-stranded DNA, prevents complete
denaturation of the DNA and enhances adsorption (via a weak electrostatic attachment)
of the molecule onto mica substrate [28,47]. AFM images (Figure 1) were acquired with
Nanoscope diInnova device (Veeco Metrology, Santa Barbara, CA, USA) with an Innova
scanner possessing a maximum range of 100 µm × 100 µm in tapping mode. Antimony (n)
doped silicon tips with a nominal constant 3 N/m and 42 N/m (Bruker, Billerica, MA, USA)
were used to acquire several high-resolution DNA topographies of 5 × 5 µm2 at a scanning
speed 1 Hz and with lateral resolution 512 × 512 pixels. The images were processed with
the AFM apparatus software (SPMLab 5.01, Sunnyvale, CA, USA), they were flattened,
and a histogram equalization was applied for the background noise subtraction and image
contrast increase.

Images were input into the semi-automatic algorithm “lemeDNA” (Length Measure-
ment of DNA) [48]. This algorithm uses 8-connected Freeman chain code to compute the
pixel lengths and estimate the length of each molecule in pixels. Since the length of an
intact plasmid pBR322 molecule is known to be 4361 base pairs, with each base pair 0.34 nm
long (X-ray crystallography studies), calibration from pixels to nm is feasible and arbitrary
fragments of DNA can be organized in length distributions.

4. Conclusions

The damage induction rate that follows the increasing capacity was found to decrease,
underlining dominant indirect effects and the leading role of ROS in proton irradiation
treatment. Enzyme analysis reveals that base lesions and non-DSB clusters are increased
compared to SSB and DSB, respectively, with base lesions being the leading type of damage.
Different positioning along the proton treatment plan shows no remarkable difference
between DNA damage recorded at the beam entrance and at the middle of the SOBP
position, probably due to very similar LET values. The fact that there is no higher damage
induction rate at the distal fall-off of SOBP, as hypothesized for increasing LET, is raising
the question about possible underestimation of highly complex damage and if there is
multifragmented DNA that is not detectable with AGE and/or other types of interactions
between DNA and protons that we do not fully comprehend.

Comparison with the literature suggests a great variety of results since one finds
experiments with different beam energy, irradiation conditions and set-ups. Furthermore,
although there are studies that invoke the plasmid model, the systems are finally different
because there is strong dependence on plasmid type and geometry, scavenging capacity
and plasmid hydration level. All these parameters blend together, complicating result
interpretation.

AFM provides impressive images of DNA conformations and visualizes fragments as
short as 42 bp (equal to 14 nm). The present analysis with the LemeDNA algorithm qualita-
tively records the shift of the relative frequency distribution of the apparent DNA length
towards shorter lengths following the dose increment. On the other hand, quantitatively,
there is not enough to contribute since there is no discrimination between different DNA
forms, and only the apparent size is recorded. In order to reproduce results comparable to
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that of AGE, there is a need for an algorithm that also distinguishes and counts the SC and
C and separates the L conformations into categories according to their measured length.
This way, users will have the option to perform a similar but stronger analysis than this of
traditional AGE.

Proton therapy-induced DNA damage in vitro studies employing biological models
like plasmid DNA or cells using real therapeutic beams and exposure conditions are always
challenging and quite limited. The cost of proton irradiations is high, and irradiation time
is distributed on a priority basis, with patients being the first concern, with clinical research
and applied and basic research activities following. At the same time, each ion facility
is developed using different technologies (beam physical characteristics, dose delivery
system, irradiation set-up, etc.), producing results that are not always repeatable from
another beam facility. Therefore, non-clinical studies are difficult to perform and repeat in
ion therapy facilities, with the available proton DNA damage data sourcing from the not
plentiful literature of different parameters.

Consequently, the present study provides results from experiments performed in a
cutting-edge ion therapy facility and analyzed with updated methods. The current results
constitute a fresh input for early physical-chemical events of DNA damage induction. At
the same time, this work strengthens the challenging attempt toward the modeling and
deeper understanding of IR therapeutic modalities’ effects on biological systems that may
discharge research from demanding experiments in the future. Last but not least, DNA-
based systems have been recently used as reliable dosimeters in therapy beam set-up. More
specifically, recent independent studies on DNA double-strand breaks measurement were
performed using a DNA dosimeter, consisting of magnetic streptavidin beads attached
to a properly labeled four kbp DNA molecule suspended in phosphate-buffered saline
(PBS) and utilized as a method of radiation measurements for therapeutic beams and high
doses > 25 Gy where cellular systems are very difficult to be utilized [49]. Based on all the
above, our results may also prove useful in the development of more accurate bio-dosimetry
in proton or carbon-therapy treatment planning incorporating the biological signature of
radiation and aid reduce damage to normal tissues and toxicity.
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(a) 20 Gy (b) 30 Gy 

Figure A1. AFM topographic images of plasmid pBR322 on mica substrate irradiated with protons: 

 

 

 

 

Figure 1. AFM topographic images of plasmid pBR322 on mica substrate irradiated with protons: (a)
20 Gy and (b) 30 Gy. AFM reveals the different conformations of DNA from simple linear to complex
twisted loops. The difference in plasmid concentration between the two doses is incidental.
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Abstract: Ionizing radiation (IR) has been shown to play a crucial role in the treatment of glioblastoma
(GBM; grade IV) and non-small-cell lung cancer (NSCLC). Nevertheless, recent studies have indicated
that radiotherapy can offer only palliation owing to the radioresistance of GBM and NSCLC. Therefore,
delineating the major radioresistance mechanisms may provide novel therapeutic approaches to
sensitize these diseases to IR and improve patient outcomes. This review provides insights into the
molecular and cellular mechanisms underlying GBM and NSCLC radioresistance, where it sheds
light on the role played by cancer stem cells (CSCs), as well as discusses comprehensively how
the cellular dormancy/non-proliferating state and polyploidy impact on their survival and relapse
post-IR exposure.

Keywords: ionizing radiation; radioresistance; radiosensitivity; cancer stem cells; epithelial mes-
enchymal transition; polyploid/multinucleated giant cancer cells

1. Introduction

Glioblastoma (GBM; grade IV) is classified as the most aggressive, heterogeneous,
and invasive primary brain tumor [1] in adults and often occurs in patients over 65 years
of age [2]. GBM accounts for 15% of all brain tumors [3–5]. Non-small-cell lung cancer
(NSCLC), a heterogeneous class of tumors, represents approximately 85% of all lung cancer
diagnoses [6]. Radiotherapy represents the mainstay of therapy in patients with inoperable
early-stage NSCLC [7] and GBM [8], yet the prognosis of GBM and NSCLC patients still
remains poor due to a refractory response to ionizing radiation (IR) [9,10]. Therefore, a high
radioresistance of these tumors still limits therapeutic success. The median survival for
elderly patients with GBM remains approximately 8 months with RT alone [11], whereas
the observed improvement in median survival of NSCLC time is only 5 to 7 months, and
radiotherapy does not offer the possibility of a cure [12]. Tumor heterogeneity accounts
for therapeutic failure [13]. Tumor recurrence occurs when therapy-surviving residual
tumor cells tenaciously propagate and re-establish the tumor. Many studies have suggested
that the heterogeneity of tumors can be explained not only with the characteristic of
genetic instability and epigenetic changes but also with the help of cancer stem cells (CSCs)
supported by antiapoptotic signaling [14–16]. CSCs thwart harmful insults resulting from
radiotherapy due to their distinctive inherent properties of self-renewal for unlimited
time, increased aggressiveness, resistance to stress, and preferential activation of the DNA
damage checkpoint [10,14,17–21] (Figure 1). CSCs are capable of evading cell death, albeit
they can become dormant for extended periods of time [22]. Plasticity of CSCs, therapy
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resistance, and dormancy are substantially interrelated processes [23,24]. It has been
suggested that tumor progression depends profoundly on the CSC niche within it [23].
Invasion and metastasis have been known to be the main obstacles to successful therapy
and are closely linked to the mortality rate of GBM [25] and NSCLC [26]. Epithelial-to-
mesenchymal transition (EMT) is a very complex process regulated by several families
of transcriptional factors through many signaling pathways that form a network that
allows tumor cells to acquire invasive properties and penetrate the neighboring stroma,
leading to the formation of a privileged microenvironment for tumor progression and
metastasis [27]. EMT is hallmarked by the combined loss of epithelial cell junction proteins,
such as E-cadherin, and the gain of mesenchymal markers, such as vimentin and N-
cadherin [28,29]. EMT is an important inducer of the CSCs’ plasticity [30]. IR is one of
the exogenous genotoxic agents that are capable of eliciting DNA damage [31]. GBM and
NSCLC cells have network mechanisms in response to DNA damage, including initiation
of DNA repair and, in certain cases, induction of apoptosis to annihilate dysregulated
and damaged cells [32,33]. It has been reported that IR can induce proliferation arrest
of tumor cells [34], which is often accompanied by senescence and/or quiescence [35,36].
The mechanisms dictating the exit from cycle arrest have considerable implications on cell
fate and can thus affect the outcome of DNA damage-based tumor therapies [36]. Rarely
dividing/non-proliferating tumor cells are regarded as deeply resistant to these agents,
thereby causing therapeutic failure and tumor recurrence [37]. It has been suggested that
tumor cells can recuperate from temporary arrest after DNA damage is repaired [36]. It
has been demonstrated that IR can result in the development of polyploid tumor cells [38].
These giant cells have been reported to be adequately pliable to meet developmental
tumor needs by facilitating the rapid evolution of tumors and the acquisition of therapy
resistance in multiple incurable tumors [39]. Moreover, they have been shown to undergo
depolyploidization [40] and produce a limited number of para-diploid clones [41,42]. It
should also be noted that the radioresistance of GBM and NSCLC may be attributable to
the interlink between the tumor cells and their tumor microenvironment (TME) [43,44].

Figure 1. Targeting of CSCs. CSCs remaining after radiotherapy can then emerge and repopulate.

2. Tumor Heterogeneity

One of the most important hallmarks of GBM [45] and NSCLC [46] is cellular hetero-
geneity. The heterogeneity of tumor cells is a continuous cause of incomplete molecular
response to radiotherapy [13,47,48] due to the diversity of tumor cells within the same
tumor, leading to different responses to radiotherapy and inevitable repopulation post-
IR [49,50]. Tumor heterogeneity arises from subpopulations of cells with marked genomic
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and/or epigenetic change and molecular signatures, a phenomenon termed intra-tumor
heterogeneity [51]. Intra-tumoral heterogeneity results in the ability of a tumor to harbor
anomalies in a variety of signaling pathways and cells with different levels of sensitivity to
established antitumor agents [48]. Three models of tumor progression and metastasis have
been postulated to explain this phenomenon—the clonal evolution, the classical CSC, and
the plastic CSC models [52] (Figure 2).

Figure 2. Models of tumor heterogeneity and progression of metastatic disease.

The clonal evolution theory was the first model to describe a way in which tumor
cells evolve progressively due to genomic instability resulting from an accumulation of
successive mutations. These stochastic events generate the raw material for the clonal
outgrowth of novel cell populations that can thrive under selective pressures imposed
by the TME, dictating more malignant phenotypes [52,53]. Moreover, heritable changes
in the epigenome permit the cells to acquire advantageous traits and to be selected in a
neo-Darwinian-like evolutionary paradigm [54]. The classical CSC theory hypothesizes
that tumors are immortalized by CSCs identified by their ability to initiate tumor growth,
sustain self-renewal, and re-establish a heterogeneous tumor cell population [21,55–57].
This model focuses on the internal heterogeneity within individual clonal subsets. Accord-
ing to this theory, most tumorigenic cells within such a clonal population reside at the peak
of the hierarchy [52]. A defining feature of this model is its unidirectional nature, whereby
CSCs undergo symmetric division to replenish the CSC pool within a tumor or irreversible
asymmetric division to generate more differentiated progeny with low metastatic potential.
In this case, the divergent cell phenotypes are regulated by endogenous and exogenous
stimuli arising in the TME. These stimuli can lead to the induction of specific growth
factor and cytokine pathways that, in turn, affect subtle epigenetic changes in CSCs and
their non-CSC progeny. The CSC hierarchical model has been extended to many solid
human tumors, including GBM and NSCLC [58,59]. The plastic CSCs theory portrays the
phenotypic conversion between the CSC and non-CSC compartments as a bidirectional
process [52], highlighting an evolving mechanism by which non-CSCs can dynamically
move back up the hierarchy and re-enter the CSC state due to dedifferentiation process [52].
Moreover, this model describes the basic aspects of non-CSC-to-CSC bidirectional intercon-
versions. According to this theory, CSCs may be derived by the oncogenic transformation
of normal tissue stem cells, by EMT, by mutations in key regulators of differentiation, or
by a spontaneous conversion process [52]. Numerous studies have reported that IR can
promote non-CSCs to obtain the phenotype and function of CSCs, so-called “awakened”
CSCs [60,61].
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3. Cancer Stem Cells Concept, History, and Properties

Cancer stem (-like) cells (CSCs) or (CSLCs), also referred to as cancer-initiating cells
(CICs), are a small subgroup of cancer cells with the capability of self-renewal and differ-
entiation into heterogeneous tumor cells, and they have been believed to be accountable
for tumor initiation, growth, and recurrence [62]. Other terms used for these cells are
tumor or rescuing units, tumor-progenitor cells, and functional tumor stem cells [63].
Large-scale studies have indicated that the biological characteristics of tumors, including
radioresistance, are determined by CSCs [64,65]. It has been demonstrated that CSCs can be
enriched both in vitro and in vivo by IR, indicating the possibility of IR-induced generation
of CSCs [66,67]. CSCs are considered to have innately higher radioresistance, invasion
capability, and metastatic capacity than their differentiated counterparts [61]. Targeting
CSCs in tumors may represent an effective antitumor therapeutic strategy and improve
the efficacy of radiotherapy. CSCs share some, or all, properties of SCs, that endow these
cells with key traits in tumorigenesis, relative quiescence, activation of survival responses,
promotion of blood vessel formation, and enhanced motility [10,68]. For example, miR-200
regulates both normal stem/progenitor cells and CSCs by targeting BMI,1 which is necessi-
tated for SC self-renewal [69,70]. Among the early investigators of the 1800s, Virchow and
Cohnheim postulated the existence of CSCs that arise from what they believed to be the
“activation of dormant embryonic tissue remnants” [71]. CSCs were first proposed by Fiala
in 1968 [72]. Although the modern concept of SC biology was absent, a CIC was clearly
hypothesized to be an SC unable to differentiate. Researchers in the 1970s advanced the
theory that tissue-specific SCs might be the cells of origin for specific tumors [71]. Bayard
Clarkson and coworkers identified a small subpopulation of slow-cycling cells, which
they termed “dormant cells”. These cells were able to escape anti-proliferative chemother-
apy and were supposed to be responsible for the relapse of lymphoblastic leukemia in
adults [73,74]. The tumor colony assay in soft agar medium proposed by Hamburger and
Salmon in the late 1970s introduced the concept that only a small proportion of tumor cells,
yielding a plating efficiency of 0.001 to 0.1%, are tumorigenic, and the authors identified
these cells as the essential target of therapy [75]. Eventually, compelling evidence for the
role of CSCs in the metastatic progression of the tumors was first validated in 1997 when
Dick and Bonnet isolated a set of stem cells from human acute myeloid leukemia, and
the samples were capable of transferring human acute myeloid leukemia to nonobese dia-
betic/severe combined immunodeficient mice [56]. In this case, it was observed only that
CD34+ CD38− subpopulation [56] was able to reconstitute human acute myeloid leukemia
that resembled the human disease in nonobese diabetic/severe combined immunodeficient
mice [56,76–78]. CD34+ CD38− cell fraction was shown to represent 0.1–1% of the total
cells and possess the proliferative, differentiation, and self-renewal capacities expected of
normal stem cells [56,76]. The first time the CSCs concept was applied to solid tumors was
in 2003 by Al-Hajj and colleagues [78], when they identified that only a small subset of
breast cancer cells expressing markers CD44+/CD24− possessed a marked proliferative
capacity, differentiation, self-renewal, and in vivo tumor-forming ability, while the remain-
ing bulk of cells from this tumor had none, even when injected at many-fold higher cell
doses [79]. Within the same year, Singh et al. purified CD133+ CSCs from human brain
tumors of different phenotypes [80]. In 2004, it was also shown that multiple myeloma
contains a rare subset of cells, defined by their lack of expression of the plasma cell marker
CD138, that are clonogenic in vitro and tumorigenic in vivo [81]. In 2006, a workshop of
the American Association for Cancer Research discussed the rapidly emerging CSC model
for tumor progression and established the definition of a CSCs as “a small subset of cells
within a tumor that possesses the capacity to self-renewal and to generate the heteroge-
neous lineages of cancer cells that comprise the tumor” [82]. During the last decade, CSCs
have been identified in many solid tumors, including lung [83], pancreas [84], prostate [85],
colon [86], liver [87], blood [88], skin [89], thyroid [90], cervix [91], ovary [92], and stom-
ach [93], as well as their functional and phenotypic features have been investigated. CSCs
have been previously identified through different criteria, including increased glycolysis
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and glycine/serine metabolism or low concentrations of reactive oxygen species (ROS) and
ATP [94]. The vast majority of studies, such as colony forming unit and marker expression,
have been performed to check CSCs’ radioresistance [82,95]. CSCs have been found to
display enhanced chromosomal instability, possibly highlighting a role in clonal evolution
in their propagation [96]. One of the intrinsic properties of CSCs is their ability to grow in a
serum-free medium supplemented with growth factors in non-adherent culture plates [97].
In general, CSCs are considered quiescent or at least slow-cycling [98–101]. These cells
can stay dormant for extended periods after treatment but eventually re-enter the cell
cycle, leading to tumor regrowth [102]. Furthermore, CSCs exhibit certain properties,
such as long-term survival, high expression of drug efflux transporters, abnormal cellular
metabolism, deregulated self-renewal pathways, acquisition of EMT phenotype [103], more
efficient DNA damage repair than bulk tumor cells after IR [104] (Figure 3).

Figure 3. The defining properties CSCs.

It has been reported that CSCs withstand anoikis and display immune evasion, which
may result in tumor metastasis and relapse [105,106]. Complicated cellular and molecular
mechanisms, such as stemness maintenance, EMT, and ROS production, are intimately
involved in the process of CSC initiation and facilitation of tumor recurrence and metas-
tasis after treatment [107–110]. Metabolic stressors, which result in numerous enlarged,
elongated, and interconnected mitochondria and increase oxidative capacity and ATP pro-
duction in CSCs [111]. CSCs have been reported to overexpress ROS free-radical scavengers
in order to reinforce their defense against ROS-induced damage [18,112–114], leading to
tumor radioresistance. Compared to regular stem cells, CSCs are believed to reside pre-
dominantly in niches within the TME, including stromal cells, cancer-associated fibroblasts,
infiltrating immune/inflammatory cells, and vascular endothelial cells [67,115,116], to
retain their unique properties [117,118]. CSCs niche facilitates their metastatic potential and
preserves their plasticity [22,23]. Furthermore, a variety of conditions, such as EMT [30],
hypoxia [119], inflammatory cytokines, such as IL-1 β, IL-6, C-X-C motif chemokine ligand
12 (CXCL12), and IL-8 generate cells harboring CSCs properties [120]. The acidic TME has
been reported to enhance CSCs radioresistance and angiogenesis through the induction
of vascular endothelial growth factor (VEGF) [121,122]. Experimental and clinical studies
have indicated that CSCs also possess the ability to initiate tumor formation in the host’s
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body [123]. Interestingly, as few as 100 CSCs have been shown to be able to recreate tumors
in nonobese diabetic/severe combined immunodeficient mice [124]. The frequency of
CSC varies broadly between different tumor types, spanning from small populations of
<1% in human acute myeloid leukemia and liver cancer up to 82% in acute lymphoblastic
leukemia [110]. When leukemic cells were transplanted in vivo, only 1–4% of cells could
form spleen colonies [67,125]. In vitro data have shown that only 1 in 1000 to 5000 lung
cancer cells generates colonies in soft agar assay, indicating that not every lung cancer cell
is capable of clonal tumor initiation [126].

3.1. Cancer Stem Cells Related Markers

A large panel of highly specific CSCs markers provides molecular targeted therapies
for various tumors, using therapeutic antibodies specific to these markers [127]. These
markers are categorized according to cellular localization [128–131]. Many CSCs surface
membrane markers have been identified, including podocalyxin, stage-specific mouse
embryonic antigen, trophoblast cell-surface antigen 2, epithelial cell adhesion molecule
(EpCAM), leucine-rich repeat-containing G-protein coupled receptor 5, aldehyde dehydro-
genase 1 family member A1 (ALDH1A1), CD13, CD14, CD19, CD20, CD24, CD26, CD27,
CD34, CD38, CD44, CD45, CD47, CD66c, CD90, CD166, CD105, CD133, CD138, CD117/c-
kit, CD151, CD166 [129], CD 29 [132], CD271 [133], CD 114 [127], CD 73 [134], integrin α6
(CD49), integrin β1(CD29), integrin β3 (CD61) [135,136], Jagged 1–2 [137], ATP-binding cas-
sette sub-family G member (ABC) transporter family [138], neural cell adhesion molecule
(NCAM) [139], and to name a few. Cell surface molecules mediate interactions between
cells and their microenvironment [129]. Of note, CD44 and CD133 have been published to
be the most widely used markers for isolating CSCs [129,140]. CSCs can be phenotyped
by certain stemness-related transcription factors, such as (Yamanaka factors; octamer-
binding transcription factor 3/4 (Oct3/4), cellular myelocytomatosis oncogene (c-Myc),
SRY (sex determining region Y)-box 2 (SOX2), kruppel-like factor 4 (KLF4), Nanog, Spalt
like transcription factor 4 [129], special AT-rich sequence-binding protein 2 (SATB2) [141],
forkhead box M1 (FOXM1) [142], mouse nucleoside diphosphate kinase B (NME2) [143],
and hypoxia-inducible factor 1-alpha (HIF-1) [144]. These transcription factors contribute
to the pathologic self-renewal characteristics of CSCs [145]. Additionally, there is a number
of stemness-related markers that are neither cell surface proteins nor transcription factors,
including B lymphoma Mo-MLV insertion region 1 homolog (BMI1), Nestin, β-catenin,
T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), Musashi-1, ALDH, CXC
chemokine receptors (CXCRs) [129,146], transcriptional co-activators (e.g., transforma-
tion/transcription domain associated protein TRRAP [147], yes-associated protein 1 (YAP),
and transcriptional co-activator with PDZ-binding motif (TAZ) [148], and antiapoptotic
genes (e.g., B-Cell Leukemia/Lymphoma 2 (BCL -2), Bcl-2-associated X protein (BAX),
cellular FLICE-inhibitory protein (c-FLIP) [149,150]), Survivin [151], B-cell lymphoma-
extra-large (Bcl-XL), and myeloid leukemia 1 (MCL-1) [152]. The CSCs phenotype can
differ essentially between patients [153]. For example, a small subpopulation of cancer
cells is present within some human breast cancers that exhibit a CD44 +/CD24 (−/low)
phenotype; these tumorigenic cells have been shown to be highly enriched for CICs in
xenografts compared to their counterparts [154], and display a mesenchymal phenotype in
the invasive front of the tumor [155]. High CD133 expression is linked to multiple tumor
recurrence, increased metastatic potential, and radioresistance [156–158]. It has been re-
ported that CD44 overexpression, in particular CD44v, contributes to tumor radioresistance
through the protection against ROS by stimulating the synthesis of reduced glutathione
(GSH) level, a primary intracellular antioxidant [159,160]. It has been confirmed that
HIF-1 α inactivates the T-cell factor-4 (Tcf-4) for direct binding to β-catenin [161], indi-
cating a role of β-catenin–HIF-1α interaction in promoting CSCs adaptation to hypoxia
after IR [161,162]. BMI1 upregulation has been found to confer radioresistance in tumors
through stimulating telomerase activity and enhancing ATM recruitment to the chromatin,
leading, in turn to tumor perpetuation [163]. Recent studies have confirmed that SATB2
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acts as a regulator of stemness and self-renewal by augmenting the expression of pluripo-
tency maintenance-associated transcription factors, such as SOX2, Oct4, c-Myc, KLF4,
and Nanog [141,164]. ABC transporters overexpression has been reported in several tu-
mors [165,166] and more predominantly in CSCs [137]. Multi-drug resistant proteins (MDR)
have been known to mediate the transport of a variety of cytotoxic compounds out of the
cells [137]. It has been shown that members of the ABC transporter superfamily have a
wide range of physiological activity: (a) detoxification, permeability glycoprotein (P-gp,
also known as MDR1 or ABCB1), and multi-drug resistance-associated protein 1 (MRP1,
also known as ABCC1); (b) xenobiotic oxidative stress alleviation (MRPs and ABCCs);
(c) cellular lipid metabolism (MDR3, ABCG, and ABCA families), and antigen presentation
ATP-binding cassette subfamily-B member 2 and 3, antigen peptide transporter 1 and 2
(ABCB2/transporter associated with antigen processing 1 (TAP1) and ABCB3/TAP2) [167].
A drug-resistance characteristic of CSCs has been identified as a side population [168].
The activity of ABC transporters can be gauged by pumping out fluorescent dyes, such
as rhodamine 123 and Hoechst 33342, which can be extruded by ATP-binding cassette
subfamily-G member 2 (ABCG2, also known as CDw338/ breast cancer resistance protein
(BCRP)) and ATP-binding cassette subfamily-B member 1 (ABCB1), respectively [169,170].
YAP/TAZ activation leads to the induction and maintenance of CSC properties in a wide
range of human tumors, including GBM [171,172] and NSCLC [173]. YAP/ TAZ activation
in response to IR has been shown to drive tumor growth, transformation, and metas-
tasis [174]. Nestin overexpressing after IR has been demonstrated to correlate with the
transformation of various human malignancies [175].

3.2. Cancer Stem Cells Signaling Pathways

CSCs exhibit deregulated activation of self-renewal pathways [103], a process that can
lead to extensive cell proliferation and malignant transformation [176].

Furthermore, IR is an antitumor treatment modality that triggers multiple signal
transduction networks [177]. Exploring CSC-specific signaling mechanisms and charac-
teristics is clinically important for better-targeted radiotherapy strategies. Regulatory
networks consisting of the Notch, Hedgehog (Hh), Janus kinase/signal transducer and
activator of transcription (JAK-STAT), canonical and non-canonical Wingless and Int-1
(WNT/β- catenin), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
phosphatase and tensin homolog (PTEN) [129], transforming growth factor and moth-
ers against decapentaplegic (TGF/SMAD), phosphatidylinositol-3-kinase (PI3K)/Akt and
the mammalian target of rapamycin (mTOR), peroxisome proliferator-activated receptors
(PPAR) [178,179], Hippo-YAP/TAZ [148], mitogen-activated protein kinase and extracel-
lular signal-regulated kinase (MAPK/ERK) [180,181], and miRNAs [179] pathways have
all been shown experimentally to play an essential role in regulating CSCs functions [129],
controlling their properties [67], and causing radioresistance by expediting tumor recur-
rence [182,183]. Many of these pathways are inextricably interwoven networks of signaling
mediators that feed one another, facilitating inter-pathway crosstalk [184]. For example,
Notch signaling inhibition in GBM has been shown to downregulate its target Hes1, a tran-
scriptional repressor, which in turn upregulates GLI transcription in the Hh pathway [185].
NF-κB and TGF proinflammatory signaling pathways have been shown to be activated in
tumor cells in response to IR [186]. Recent studies have reported that the canonical WNT/β-
catenin signaling cascade participates in the formation of tumor radioresistance by affecting
the cell cycle, proliferation, apoptosis, invasion, and DNA damage repair (DDR) [187]. Hh
signaling has been reported to play a fundamental role in growth, recurrence, metastasis,
radioresistance, and acquisition of a CSC-like phenotype via the EMT process in various
tumors [62,188]. It has been confirmed that Notch signaling is an important mediator of
IR-induced EMT and responsible for IR-enhanced tumor malignancy [182,189–191]. Many
studies have supported the role of the Hippo-YAP/TAZ signaling pathway in the induction
of EMT, tumorigenesis, and chromatin remodeling. Moreover, this pathway has been
shown to promote tumor radioresistance via escalating DDR [192–194].
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3.3. DNA Damage Repair in Response to Ionizing Radiation

The biological consequences of IR are highly influenced by the activation of the DNA
damage response mechanisms [195]. A high DDR capacity after IR has been described
for CSCs in different tumor entities, including GBM and NSCLC [18,157,196]. Among the
various types of DNA damages produced directly and indirectly by IR, such as single-
strand breaks (SSBs), double-strand breaks (DSBs), and damaged nucleotide bases or
abasic sites, DSBs represent the principal lesions that might lead to cell death or loss of
reproductive capacity via activation of different pathways, such as mitotic catastrophe,
apoptosis or senescence, if not adequately corrected [197–200]. It has been reported that
about 1000 SSBs and 40 DSBs are produced per Gy/cell [201]. Two major mechanisms
of DSBs repair have been extensively studied: error-prone non-homologous end joining
(NHEJ) and error-free homology-directed recombination (HR) [202,203]. DSBs have been
reported to activate three key phosphatidylinositol 3-kinase-related kinase (PIKK) family
kinases: ataxia telangiectasia mutated kinase (ATM), ATM-related kinase (ATR), and
DNA-dependent protein kinase (DNA-PK) [204,205]. NHEJ is initiated by the binding
of the Ku70/Ku80 heterodimer to the end of the DSB [206], allowing the recruitment of
catalytic subunit DNA-PKcs forming the protein complex DNA-PK [206]. DNA-bound
DNA-PK is activated and phosphorylates numerous proteins, including histone H2AX
(γ-H2AX) [207], Artemis [208], X-ray repair cross-complementing 4 (XRCC4), ligase IV
complex [209], and XRCC4-like factor [210] that are aggregated on the site of IR-induced
foci (IRIF) [211,212]. Inversely, HR uses undamaged homologous chromosome or sister
chromatid as a template [213]. Consequently, this mechanism only functions in late S/G2
cell cycle phases [202] and requires the presence of breast cancer proteins [202]. NHEJ has
been known to be an efficient and rapid process due to the avid end-binding ability of Ku
and its high abundance [214], whereas HR is the least error-prone repair mechanism [202].

3.4. Cancer Stem Cells in Glioblastoma

It has been reported that a single GBM can contain heterogeneous clones of GBM
stem-like cells (referred to as GSCs) with different morphologies, self-renewal, aggressive
phenotype, and proliferative capacities [49,215–219]. The similarity of the gene-expression
profiles of GSCs and normal neural stem cells (NSCs) provides support to the idea that
CSCs are malignant variants of normal neural stem cells [220,221]. It has been shown that
GSCs are able to grow under serum-free culture conditions identical to normal neural stem
cells [222], efflux fluorescent dyes [223], and generate progeny comprised of a mixture of
stem cells and more restricted non-stem cells descendants through symmetrically divid-
ing [1,49,224]. GSCs tend to be more tumorigenic, pro-angiogenic, and radioresistant than
the majority of GBM cells [10,131,225]. Recent accumulating evidence has revealed that
GSCs can enhance radioresistance in GBM through activation of DNA damage checkpoint
proteins, including checkpoint kinase 1 (Chk1), checkpoint kinase 2 (Chk2), ATM, structural
maintenance of chromosomes (SMC1), and p53 [226]. GSCs have been reported to express
cell surface CSCs markers, such as stage-specific mouse embryonic antigen, CD34, CD44, α6-
integrin, CD133, L1CAM (L1 Cell Adhesion Molecule), CD54, and A2B5 [97,217,227–235];
cytoskeleton proteins (also referred as; intermediate filaments or nanofilaments), such as
glial fibrillary acidic protein (GFAP) [236], vimentin [237–239], and Nestin; transcription
factors, such as SOX2, Nanog, Oct3/4 [240,241], nuclear factor erythroid 2-related factor
2 (Nrf2) [241,242], oligodendrocyte transcription factor (Olig2) [243], FoxM1 [244], and
zinc finger protein 281 (ZNF281) [245], POU class 3 Homeobox 2 [246], and melanocyte
inducing transcription factor (MITF) [247]; posttranscriptional factors, such as Musashi
1 [248] and microRNAs [249]; polycomb (Pc) transcriptional suppressors, such as enhancer
of zeste homolog 2 and BMI 1 [248]; transcriptional co-activators, such as YAP/TAZ [171]
and TRRAP [250], yet no single marker is able to define a general GSC population. It has
been reported that GSCs metabolism undergoes different changes than that of traditional
GBM tumor cells following IR [251]. Gene expression analyses of GBM cells treated by
IR have revealed that many genes are modulated after treatment [252–254]. These genes
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are closely involved in a variety of cellular processes, such as cell cycle, apoptosis, DNA
replication/damage repair, cytoskeleton organization, and metabolism [255]. There is a
growing body of evidence that the fraction of GSCs expressing CD133 increases after IR [80].
CD133+ GSCs have been reported to represent the cellular subpopulation that confers ra-
dioresistance and drives GBM recurrence [225,229,256]. It has been observed that injection
of 102 CD133+ cells forms a tumor that regenerates a phenocopy of the patient’s original
tumor upon transplantation, whereas transplantation of 104 CD133− cells does not lead
to producing a tumor [225,229]. CD133+ GSCs radioresistance is attributed to preferential
activation of the DNA damage checkpoint proteins (e.g., Chk1 and Chk2 kinases) [225,257].
It has been found that the CD133+ subpopulation is able to repair IR-induced DNA damage
more efficiently and undergo less apoptosis compared to CD133− counterparts [225,258].
The CD133+ fraction among highly aggressive GBMs ranges from 0.1 to 50% [229]. It
should be emphasized that some GBM tumors do not contain any CD133+ cells [259–261].
For example, GBM xenografts irradiated in vivo have been reported to be enriched 3–5-fold
for CD133+ cells compared to untreated xenografts [225]. Bao et al. observed using a
colony-forming unit assay that CD133− non-GSCs cultures irradiated at a dose of 5 Gy
form fewer colonies compared to CD133+ GSC cultures [225]. Overexpression of Olig2 and
CD44 after exposure to 6 Gy of cobalt-60 has been found to be related to the proliferative
and invasive state of GBM [262]. Many authors have pointed out the role of α6-integrin
in GBM radioresistance by increasing the efficiency of DDR [263]. IR-treated GBM cells
have been reported to produce sICAM-1, resulting in a mesenchymal shift of GBM only
in vivo [235,264]. Side population cells have been identified in GBM cells [168]. In 2003,
Trog et al. first reported on the upregulation of the ABC-1 transporter in human GBM in
response to DNA-damaging agents in an IR-dose-dependent manner. They also found
that IR has a higher inducible effect on the ABC-1 expression rates depending on GBM cell
density [265]. A high expression of KLF4 has been shown to promote the proliferation of
the GSC population and the regrowth of GBM, even after aggressive radiotherapy [266]. An
increased expression of Nrf2 post-IR has been reported to protect GBM against IR-induced
oxidative stress by activating several downstream genes related to detoxification and an-
tioxidant response, such as glutathione peroxidase and superoxide dismutase [241,267–271].
It has been documented that a pronounced enrichment of BMI1 after IR at the chromatin
confers radioresistance in GBM through copurifying with NHEJ repair proteins, such as
DNA-PK, poly [ADP-ribose] polymerase 1 (PARP-1), hnRNP U, and histone H1 in CD133+
GSCs [272]. Epidermal growth factor receptor (EGFR) and epidermal growth factor receptor
variant III (EGFRvIII) have been shown to mediate radioresistance in GBM by maintaining
EMT and activating both NHEJ and HR [273,274]. IR-induced VEGF secretion enhances the
angiogenic potential of GBM [275]. Compelling preclinical proof has shown that anti-VEGF
growth therapy stimulates IR-induced cell death in U-87 under normoxic and hypoxic
conditions [276]. Maachani U. B. et al. demonstrated that both FOXM1 and STAT3 proteins
interact together and co-localize in the nucleus under radiotherapy, facilitating the DDR
processes [277]. It has been shown that GBM become more radioresistant through the over-
expression of proliferating cell nuclear antigen (PCNA)-associated factor, which facilitates
DNA damage bypass [278]. Accumulating evidence has pointed out the potential role of
antioxidant enzymes, such as superoxide dismutase, catalase, glutathione peroxidase, glu-
tathione reductase, in GBM radioresistance [279]. These enzymes have been reported to be
activated up to 5-fold in a radioresistant variant clone isolated from a human U251 cell line
compared to the parent cells after IR [279,280]. Enhanced expression of cyclooxygenase-2,
also known as prostaglandin endoperoxide/H synthase 2, in GSCs has been reported to be
potently involved in progressive GBM growth, as well as radioresistance [281,282]. It has
been evinced that overexpression of cathepsin L, a lysosomal endopeptidase enzyme, en-
hances GSCs’ radioresistance through inducing expression of CD133 and phosphorylation
of DNA damage checkpoint proteins [283]. Cyclin-dependent kinase 2 (CDK2) expression
has been shown to be significantly enriched in GBM and is functionally required for their
proliferation and growth both in vitro and in vivo [284]. CDK2 has also been to induce
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radioresistance in GBM cells, and its knockdown enhances cell apoptosis when combined
with radiotherapy [284]. Histone deacetylase 4 and -6 have been shown to induce radiore-
sistance in GBM by maintaining the GSC phenotype [285]. Many studies have reported
that the radiosensitivity of GBM can be altered by targeting microRNAs. The expression of
miR-1, miR-221/222, and miR-124 has been shown to effectively regulate IR-related signal
transduction pathways in GBM [286]. Another study has revealed that miR-1, miR-125a,
miR-150, and miR-425 induce radioresistance in GBM through upregulation of the cell
cycle checkpoint response [287]. Many reports have stated that high Ki-67 is rigorously
proportional to the high proliferative state of GBM cells [288,289]. It has been shown that
the Ki-67 labeling index is significantly expressed in post-irradiated GBM cells compared
to their respective pre-irradiated counterparts [290]. GSCs isolated from human LN18
cells with cell surface vimentin overexpression have been found to present 95% CD133
expression and 98% CD44 expression, suggesting that GSCs that express surface vimentin
possess tumor-initiating properties [291]. Many studies have shown that vimentin regulates
IR-induced migration of GBM cells [292]. Survivin has been reported to enhance GBM cell
survival, regulate DSB repair capabilities, and contribute to a hypermetabolic state upon IR
exposure [9,293]. Increased GFAP and insulin-like growth factor binding protein-2 (IGFBP-
2) serum levels in GBM patients after radiotherapy have been shown to be correlated with
the malignant degree and prognosis of GBM (wpr-669323). It has been indicated that
overexpression of RCC2, a regulator of chromosome condensation 2, enhances proliferation
and tumorigenesis, as well as confers radioresistance in GBM cells [294]. Alterations in
several molecular and signaling pathways following IR have been shown to be closely
involved in inducing radioresistance in GBM [295]. GSC functions are largely mediated by
several deregulated signaling pathways, such as MEK/ERK [296], Notch [297], NF-κB [298],
Hh [299], WNT/β-catenin [300], PI3K/AKT/mTOR [301], JAK-STAT [302,303], retinoblas-
toma protein (Rb), receptor tyrosine kinase (RTK) [304], transforming growth factor-β
(TGF-β), platelet-derived growth factor [305,306], and PTEN [307], resulting in an aberrant
expression of downstream signature molecules that drive radioresistance and recurrence
of GBM. Marampon et al. showed that MEK/ERK pathway positively regulates HIF-1α
protein activity through the sustained expression of DNA-PKcs, preserving GBM radiore-
sistance in hypoxic conditions [296]. CD133 has been shown to promote the tumorigenic
capacity of GCS by activation of the PI3K/Akt pathway by interacting with the p85 regula-
tory domain of PI3K [308]. It has been shown that Notch1 inhibition in GBM xenografts
reduces the hypoxic fraction and delays tumor progression, suggesting a potential mecha-
nism whereby Notch1 downregulation radiosensitizes GBM cells [309]. NF-κB signaling
pathway has been found to be aberrantly activated in response to IR in GBM, where its
IR-induced upregulation has been involved in GSCs maintenance, invasion, mesenchymal
identity promotion, and DNA damage repair through NHEJ and HR processes [49,310–316].
In GBM, the most common genetic lesions, including p53, PTEN, and P16 (also known as
p16INK4A, cyclin-dependent kinase inhibitor 2A), have been reported to regulate the DNA
damage response [10]. Around 40–50% of GBM has p53 mutations [317,318]. Indeed, it has
been reported that the failure of p53 to induce p21BAX expression causes radioresistance in
GBM [319]. Moreover, loss of PTEN contributes to an increase in the cellular motility of
neural precursor cells, alteration in Chk1 localization, and genetic instability, conferring
radioresistance in GBM cells [320,321]. It has been established that the radiosensitivity
of GSCs can be increased by inhibiting Becline-1 and ATG5, autophagy-related proteins,
indicating that the induction of autophagy contributes to radioresistance in GSC [322]. The
PI3K/Akt/mTOR pathway has been suggested to play an important role in IR-induced
autophagy in GBM cells [323].

3.5. Cancer Stem Cells in Non-Small-Cell Lung Cancer

It has been demonstrated that IR-Surviving NSCLC cells display CSCs [324]. The
expression of CSC-related markers after radiotherapy is significantly correlated with a
poor prognosis in patients with NSCLC [325]. There is a huge number of lung CSC
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(LCSC) markers, including cell surface markers, such as EpCAM [326], CD 24 [327,328],
CD34 [329], CD44, CD90 [57,330], CD133 [94], CD166 [83], ALDH1 [331,332], sICAM-1 [333],
ABCG2 [334], and NCAM [335]; stemness related-TFs, such as Yamanaka factors (Oct-
3/4) [336], SOX-2 [337], KLF4 [338], c-Myc [339], Stabilin 2 [340], MITF [341], STAT3 [342],
and HIF-1α [343]; other stemness-related markers, such as miRNAs [344], Nestin [345],
BMI1 [346], Musashi-1 [347], PARP-1 [348], matrix metalloproteinases (MMPs) [349,350],
VEGF, epidermal Growth Factor (EGF) [351], and chemokines (e.g., CXCL12/CXCR-4) [352].
CD24 expression in NSCLC cells has been reported to be associated with disease progression
and aggressive tumor behavior [327,353]. It has been observed that CD24 is upregulated
only in IR-surviving NSCLC cells [324]. It has been reported that CD44 is dramatically
upregulated in IR-surviving NSCLC cells [324]. Knockdown of CD44 expression in NSCLC
cells has been shown to suppress cell proliferation and colony formation in vitro [354].
Tirino et al. proposed that CD133+ cells isolated from NSCLC cells can form tumors and act
as CICs [355,356]. The injection of 104 lung cancer CD133+ cells in immunocompromised
mice has been reported to readily generate unlimited progeny phenotypically identical to
the original tumor [94]. It has been observed that A549 but not H1299 cells expand their
CD133+ population after exposure to 4 Gy IR, and isolated A549 CD133+ cells have been
found to be radioresistant, and this resistance has been noted to correspond with upregu-
lated expression of DSB repair genes in A549 cells [157]. Clinically relevant IR doses (1 or
3 Gy) have been reported to induce markedly HIF-1α expression in a subset of normoxic
NSCLC lines in vitro, leading to modulating the cell viability and angiogenic activity [357]
through the activation of anaerobic metabolism [358]. CXCR-4 has been found to use STAT3-
mediated slug expression to maintain NSCLC radioresistance [359]. Many articles have
proved that angiogenic factors, such as VEGF and EGF, are correlated with tumor growth,
aggressiveness, survival, disease relapse, and radioresistance in NSCLC [360]. Some studies
have focused on the clinical implications of miRNAs for radiotherapy in patients with
NSCLC. miRNA-210 has been found to drive radioresistance in NSCLC via promoting
HIF1α-induced glycolysis [361] and regulating IR- induced DSBs repair [362]. Furthermore,
miRNA-25 has been known to lessen radiosensitivity by binding the B-cell translocation
gene 2 in NSCLC cells [363], whereas miRNA-1323 has been reported to decrease radiosen-
sitivity of NSCLC by inducing the expression of protein kinase, DNA-activated, catalytic
polypeptide [364]. The reduced expression of tumor protein p53-inducible protein 3, a
downstream mediator of the DDR, in IR-surviving H460R cells has been shown to be
greatly involved in acquired RR [365]. MMPs has found to play an undeniable role in tu-
mor extracellular matrix (ECM) invasion [366]. It has been demonstrated that IR-surviving
NSCLC cells, after exposure to 10 Gy of, show increased motility and increased expression
of MMP-2/-9 [367]. It has been suggested that the detaching soluble natural killer group
2 member D ligands in NCI-H23 cells can be a result of IR-induced MMP-2 [368]. Using
a 3D NSCLC model, IR with a dose of 5 Gy has been found to increase the growth of
tumor tissue analogs containing CSCs and enhance the expression of cytokines (regulated
upon activation, normal T cell expressed, and secreted, epithelial-neutrophil activating
peptide, and TGF-α) and factors (MMP, vimentin, and tissue inhibitors of metallopro-
teinase (TIMP)) [369]. It has been indicated that the level of IR-induced apoptosis decreases
in those NSCLC cells exhibiting BCL-2 overexpression [370]. Our previous experimen-
tal data have reported that ABCG2 expression markedly increases in multifractionated
radiotherapy-surviving NSCLC cells at a total dose of 60 Gy, conferring these cells a ra-
dioresistant phenotype [170]. Silencing MITF has been reported to promote migration,
invasion, colony formation, metastasis, and tumorigenesis in CL1-0, CL1-1, and CL1-5 cell
lines [341]. Overexpression of SOX2 in IR-surviving NSCLC cells has been revealed to
stimulate cellular migration and anchorage-independent growth, while SOX-2 knockdown
has been reported to impair their growth [324,371,372]. It has been demonstrated that inhi-
bition of Poly (ADP-ribose) polymerase-1 (PARP-1), a well-known active candidate in DNA
repair, separately diminishes proliferation, migration, EMT, phosphorylation of EGFR, Akt,
p38, NF-kB, and ERK in treated NSCLC with 12C [373,374]. Several signaling pathways,
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such as PI3K, MEK [375], Notch [376], Nrf2 [377], WNT/β-catenin [378], and Hh [379],
have been described to regulate the behavior of LCSCs and contribute to radioresistance
in NSCLC. It has been reported that PI3K kinase inhibition can play a role in boosting the
radiosensitivity of NSCLC cells via immune evasion [380] and resistance to IR-induced
apoptosis [381]. Overwhelming data have indicated that the dysregulated expression of
the Notch signaling pathway is a frequent event in NSCLC [382,383]. It has been shown
that high Notch pathway activity has an unequivocal role in survival, poor prognosis,
and radioresistance in NSCLC patients through the inhibition of apoptosis, suggesting
its potential as a therapeutic target [384,385]. Moreover, Notch-1 has been reported to
increase NSCLC cells’ survival under hypoxic conditions by activating the insulin-like
growth factor (IGF) pathway [386]. Additionally, inhibiting IR-induced Notch-1 signaling
has been found to enhance the radiotherapy efficacy in H1299 and H460 cell lines [376]. It
has been reported that Nrf2 expression is significantly elevated in NSCLC cells at 4 h after
IR exposure [387], as well as it has been observed to regulate the cellular antioxidant system
and crosstalk with Notch1 signaling pathway in response to IR [387]. It was reviewed
by Heavey et al. that inhibition of the Akt/mTOR/4EBP/eIF4E pathway in NSCLC cells
might result in the development of radiotherapy and overcome radioresistance [388]. The
Sonic Hh-Gli pathway has been found to promote the migrative and invasive abilities
of NSCLC cells by regulating EMT [389]. The aberrant activation of the WNT/β-catenin
signaling in NSCLC has been reported to correlate closely with self-renewal, proliferation,
tumorigenesis, progression, and radioresistance [182,390]. Increased PI3K/AKT/mTOR
activation has been shown to lead to radioresistance in NSCLC cells [301]. Previously, we
have reported that residual γH2AX/53BP1 foci number decreases in multifractionated
radiotherapy surviving NSCLC cells compared to parental cells post-IR at extra single
doses of 2, 4, and 6 Gy. Furthermore, our previous data have detected that Rad51 protein
expression might play a key role in enhancing DNA DSB repair by the HR pathway in
multifractionated radiotherapy survival of p53 null NSCLC cells [391].

4. Epithelial-to-Mesenchymal Transition and Migratory Activity in Glioblastoma and
Non-Small-Cell Lung Cancer

The heterogeneity of tumor cell populations allows for the movements of either in-
dividual cells or clusters of cells. EMT, a reversible molecular and cellular process, has
been invoked as a mechanism by which immotile tumor cells can acquire a migratory,
invasive, and motile phenotype by attenuating adherens junction and avoiding anoikis
in the TME [392,393]. The reverse process is termed mesenchymal-to-epithelial transi-
tion (MET) [394]. MET and EMT have been closely linked to the acquisition of stemness
characteristics in tumorigenesis [28,30,50,395–397]. Tumor cells undergoing EMT have
been observed to lose their apical basal cell polarity and acquire a more spindle-shaped
form [398], facilitating their dissemination into the blood circulation [28]. Moreover, EMT
allows tumor cells to degrade basal extracellular matrix by MMPs activation to help these
transformed cells to migrate [399,400]. A partial EMT observed among tumor cells can
be explicated by the different tumorigenic capabilities of tumor cells from various niches
inside tumor. Tumor cells with a partial EMT have been found to be more efficient in tumor
budding, invasion, and metastasis because these processes evidently require both EMT and
MET [401]. Loss of expression of tight junction proteins, including E-cadherin, and upregu-
lation of mesenchymal markers, such as N-cadherin, Vimentin, and Fibronectin, have been
considered as the key molecular events of EMT [402]. EMT-inducing TFs, such as basic helix–
loop–helix (bHLH) factors (e.g., E2A, an inhibitor of DNA binding (Id2, Id3), and Twist
1/2), Snail family members (e.g., Snail and Slug), finger E-box-binding homeobox factor
(ZEB) family members (e.g., ZEB1/2, SMAD interacting protein-1 (SIP1)) [403,404], Goosec-
oid [405], ZNF281 [406], Brachyury, sine oculis homeobox homolog 1 (SIX1), transcription
factor 4, FOXC2, paired related homeobox 1 [407], and others, have been demonstrated
to enhance the expression of genes associated with the mesenchymal state, such as N-
cadherin, Vimentin, Fibronectin, β-integrins, and ECM-cleaving proteases [407] and directly
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repress mediators of epithelial adhesion proteins, such as E-Cadherin, Occludins, Claudins,
Desmosomes, and cytokeratins [274,403,404,408,409]. Several EMT-related signaling path-
ways have been identified, including signaling pathways mediated by TGF-β [410,411],
bone morphogenetic proteins, WNT–β-catenin, Notch, Hh, RTKs [402], SMADs, STATs,
PI3K/Akt, MAPKs [412,413], JAK/STAT3 [414], NFkB [415], Src, and Ras [407,416]. It
has been reported that radiotherapy induces tumor cells to undergo EMT, resulting in
marked radioresistance [417–419]. Moreover, EMT can be induced by TME stresses (e.g.,
hypoxia) [420,421]. EMT has been shown to confer tumor cells’ resistance to apoptotic
stimuli [50]. EMT has known to be a motor of cellular plasticity [422] since it is accom-
panied by immunosuppressive TME [400,423,424], tumor-initiation potential [425], cell
proliferation [426,427], and cellular senescence [428]. Furthermore, EMT has been shown
to be associated with catabolic reprogramming for tumor cell survival during metabolic
stress [429]. A high infiltrative nature and an increased migratory potential of GBM and
NSCLC have been shown to be tightly associated with relapse [430,431]. EMT has been
pointed out as one of the mechanisms that confer invasive and metastatic property to GBM
and NSCLC after exposure to IR [432,433]. The most important adhesion and cell–cell
contact factors, E-cadherin and β-catenin [434,435], have been found to be rarely expressed
in GBM cells [50]. Sublethal doses of IR have been reported to induce cell migration and
invasiveness of GBM [436]. Furthermore, multifractionated radiotherapy has been found
to enhance the migratory capability of GBM cells in vivo [437]. STAT3/NF-κB and Slug
signaling activation has been reported to enhance IR-induced tumor migration, invasion,
and EMT properties in GBM via the upregulation of ICAM-1 [438]. NSCLC cells have been
found to possess a spindle or rounded morphology and express high levels of EMT markers
after prolonged exposure to IR [439]. It has been demonstrated that IR can increase EMT
phenotype in NSCLC cells by regulating EMT markers via activating the JAK2 tyrosine
kinase phosphorylates PAK1 (JAK2–PAK1)–Snail signaling pathway [440]. IR-surviving
A549 and H460 cells at a dose of 5 Gy have been reported to express significantly higher lev-
els of EMT markers (Snail1, Vimentin, and N-cadherin) compared to non-irradiated NSCLC
cells [324]. Furthermore, it has been observed that the expression of Oct-4, SOX2, and β-
catenin proteins markedly increases in adherent H460 cells maintained in a monolayer after
IR at a dose of 5 Gy [324]. Our previous data have suggested that a fraction dose escalation
regimen at a total dose of 60 Gy probably causes partial (or hybrid) EMT program activation
in multifractionated radiotherapy surviving NSCLC cells through either Vimentin upregu-
lation in p53null or an aberrant N-cadherin upregulation in p53wt cells [441]. Moreover,
we have indicated previously that the hypofractionation regimen IR does not significantly
influence horizontal 1D cell migration of multifractionated radiotherapy surviving NSCLC
cells, though promoting their migration by 24 h after scratching [441].

5. Radiation-Induced Dormancy

Tumor niches, including metastatic, perivascular, and bone marrow cells, have been
found to harbor dormant tumor cells [23]. Cellular dormancy can be reached in one of two
ways: either each tumor cell arrests its cell cycling or the entire neoplasm exhibits balanced
growth/apoptosis rates, but too often discussed in terms of two growth arrest mechanisms:
cellular quiescence (G0), in which cells are in a non-proliferative/slow-cycling state with
a reversible growth arrest [442,443], and cellular senescence, in which cell cycle arrest is
largely irreversible [444–448]. Therefore, mechanisms of tumor relapse induced by the
reactivation of dormant tumor cells depend on whether the cells became dormant via quies-
cence or senescence [449]. Many cues have been known to induce cellular dormancy, such
as endoplasmic reticulum stress [450], angiogenic switching, immunological surveillance,
anoikis, autophagy, senescence [23], TME (e.g., extracellular matrix, inflammatory signals,
genetic, and epigenetics alterations) [445], and IR [24]. In tumor cells, including CSCs, dor-
mancy has been shown to be critical for adaptation and protection against environmental
stress and toxicity [451], leading to a tumor relapse [23]. However, several lines of evidence
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have reported that CSCs can contain heterogeneous subpopulations that either include
rapid-cycling or quiescent subpopulations [452].

5.1. Quiescence-Associated Radioresistance

Quiescence is defined as a sleep-like state in which cells cease to divide but retain
their ability to re-enter a novel cell cycle readily and rapidly [453,454]. It has been reported
that tumor cells switch between phases of growth and quiescence to gain the genetic and
epigenetic modifications that are imperative for survival [451]. Cellular radiosensitivity
shows a heterogeneous pattern through different cell cycle phases [455,456]. Quiescent
cancer cells also referred to as slow-proliferating/slow-cycling cancer cells, are considered
an attractive therapeutic target for tumor treatment since they are significantly resistant to
conventional radiotherapy with a higher repair capacity than cycling cells [443,457–459].
It has been confirmed that Ki-67 is degraded constantly in G0/G1 and accumulates in
S/M phases [460]. Moreover, Ki-67 levels during G0/G1 have been found to indicate how
long a cell has spent in these phases [460]. It has been shown that the more protracted
a cell has spent in quiescence, the lower the Ki-67 level will be upon re-entering the cell
cycle [460]. Furthermore, quiescent cancer cells have been known to display a low rate of
BrdU incorporation [461] and a low ERK 1/2: p38 MAPK ratio [462]. The entrance into
the quiescence state allows tumor cells to hamper stress and toxic stimuli. After repairing
the cellular damage, the cells may re-enter the cell cycle upon stimulation by specific
growth factors, such as E2F and CDK2 [463]. It has been shown that, after IR, GSCs are
more quiescent than GBM cells that express elevated levels of glycolysis and oxidative
phosphorylation, the so-called “Warburg effect”, whereas GSCs show metabolic signs
of quiescence, such as a diminished non-essential amino-acid synthesis, and unchanged
levels of glycolytic and oxidative metabolites [251]. Earlier studies have demonstrated
that Ras-related C3 botulinum toxin substrate 2 induces aberrant proliferation of quiescent
NSCLC after IR exposure to a single dose of 2 Gy via promoting JUN-B expression through
megakaryoblastic leukemia 1—serum response factor (MAL-SRF) pathway [464].

5.2. Radiation-Induced Senescence

Therapy-induced senescence (TIS), a prolonged state of cell-cycle arrest, is reported in
tumor cells treated by various therapeutic agents, including IR [465]. Senescent cells have
been reported to contribute to the composition of pre-malignant [466–468] and malignant
lesions [469]; thus, they play an indubitable role in tumor cell fate [470,471]. Cellular
senescence can be triggered by short or dysfunctional telomeres, known as replicative
senescence, but also prematurely, by a variety of stress signals [472]. Interestingly, IR
prematurely promotes the same phenotypes as replicative senescence prior to the Hayflick
limit. This process is known as stress-induced premature senescence (SIPS) [473]. Unlike in
apoptosis, cells that enter senescence are not killed; they retain some metabolic activities
and secretory activity despite not undergoing cell division [474]. TIS state is accompanied
by induced lysosomal biogenesis [475], macromolecular [476,477] and transcriptomic alter-
ations [478], often leading to the synthesis and secretion of a wide spectrum of mediators,
a phenomenon termed the senescence-associated secretory phenotype (SASP) [479–482].
SASP-related biomarkers include: 1- soluble factors, such as growth factors (e.g., amphireg-
ulin, epiregulin, heregulin, EGF, basic fibroblast growth factor (bFGF), FGF7, hepatocyte
growth factor, VEGF, angiogenin, stem cell factor, stromal cell-derived factor-1, placental
growth factor, nerve growth factor, IGFBP-2, -3, -4, -6, -7), cytokines (e.g., IL-6, IL-7, IL-1a,
-1b, IL-13, IL-15), chemokines (e.g., IL-8, CXCL1, -b, -gc, monocyte chemoattractant protein
2 (MCP-2, MCP-4, MIP-1a, MIP-3a), hepatocellular carcinoma-4, Eotaxin, Eotaxin-3, epithe-
lial neutrophil activating peptide, I-309, interferon–inducible T cell alpha chemoattractant),
other inflammatory factors (e.g., interferon -γ, CXCL13, glycosylation-inhibiting factor),
proteases and regulators (e.g., MMP-1, -3, -10, -12, -13, -14, TIMP-1, TIMP-2, serpin E1) [482],
receptors shedding or ligands (e.g., ICAM-1, -3, osteoprotegerin, soluble tumor necrosis
factor receptor I, CD263, CD120, CD95, urokinase plasminogen activator surface receptor,
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soluble gp130, EGF-R), nonprotein soluble factors (e.g., prostaglandin E2, nitric oxide,
ROS); 2- insoluble factors (ECM) (Fibronectin, Collagens, Laminin) [482]. Upon secretion
from senescent cells, these SASP factors usually act in a paracrine manner to stimulate
the proliferation and/or transformation of adjacent immortalized cancer cells or even can
trigger the senescence of other cells in the TME [483]. This SASP induces an EMT and inva-
siveness, hallmarks of malignancy, by a paracrine mechanism that depends largely on the
SASP factors IL-6 and IL-8 [484]. Senescent cells have been reported to show morphological
alterations, such as an enlarged, flattened, and irregular shape with increased cytoplasmic
granularity bearing more vacuoles, an increase in senescence-associated -galactosidase (SA-
Gal) activity, altered mitochondria in terms of both morphology (e.g., increased mass [485])
and function [486], the expression of the pH-restricted (pH 6) [487–489], and an altered
chromatin organization known as senescence-associated heterochromatin foci (SAHF) [490]
contributing to the silencing of proliferation-promoting genes, including E2F target genes,
such as cyclin A [491]. Senescence-associated cell enlargement is ascribed to several mech-
anisms, and one of them is cellular hypertrophy, in which a cell gets bigger due to an
accumulation of proteins [492]. Senescent cells also lose monolayer integrity, which may
result from the downregulation of intercellular junctions [493,494]. Unfortunately, TIS is
reversible state for only some subsets of the senescent cell population, leading to cellular
re-proliferation and, ultimately, tumor progression [444,495,496]. For example, several
studies on various tumor types, including GBM and NSCLC, have shown that therapy-
induced senescent cells can re-enter the cell cycle to trigger relapse [465,496–498]. It has
been demonstrated that, after IR, senescent non-CSCs secrete chemokines contributing to
the maintenance and migration of CSCs [499]. It has been noted that the long-term G2
arrest and subsequent senescence by G2-slippage are more preponderate at a high dose
of IR than at a moderate dose [500,501]. TIS has a profound influence on the radiothera-
peutic outcome, particularly in multifractionated regimens where the IR dose is increased
incrementally. Because every single dose of IR will convert some tumor cells into senescent
cells, thus treatment may not contribute to the anticipated antitumor effect by the time a
patient receives the highest doses of IR. An emerging body of evidence has also confirmed
that “irreversible” senescence can be overcome following radiotherapy. Of note, tumor
suppressor proteins, such as PTEN, p53, or hypo-phosphorylated Rb, can be used to detect
cellular senescence. Even the absence of markers can be used, including the absence of
Ki-67 or the lack of bromodeoxyuridine (BrdU) incorporation [483]. It has been reported
that the conditional expression of p53, p16INK4A, or p21 waf1/cip1 alone in neoplastic cell
lines results in irreversible growth arrest and senescence phenotype [502]. It is worth
emphasizing that at present, the list of reliable markers reflecting the causes and features
of cellular senescence in vitro and in vivo goes far beyond SA-β-Gal expression, includ-
ing high expression levels of the CDK inhibitor, p16INK4A, p21cip1 [503], SASP [484,504],
Lipofuscin [505], Lamin B1 downregulation [488], γ-H2A.X, as well as SAHF [473]. The
radiation-induced senescent cancer cells express SASP that is required for triggering the
proliferation, invasion, and migration of surrounding cells in vitro [484,506]. Tumor cells
can undergo senescence following radiotherapy in vitro and in vivo [507]. Further investi-
gations have revealed that the increase in SASP-expressing senescent GBM cells is likely one
of the main reasons for GBM recurrence post-radiotherapy [482,508]. It has been observed
that 137Cs γ-ray IR at single acute doses (0, 2, 5, 10, and 20 Gy) renders 17–20% of U87MG
and LN229 cells dead but gives rise to 60–80% of growth-arrested GBM cells with elevation
of senescence markers, such as SA-β-Gal+ cells, H3K9me3+ cells, and p53-p21cip1 + cells.
Furthermore, it has been reported that 24 h after IR with a total dose of 20 Gy, expression of
SIPS factors, such as IL6, IL8, IL1α, IL1β, chemokine (C-C motif) ligand 2 (CCL2), CXCL1,
SASP mRNAs, and p21cip1, increases significantly in irradiated U87MG and LN229 cells
compared to non-irradiated counterpart cells. It has been suggested that IR likely triggers
SASP induction in GBM cells via activation of NFκB signaling [508]. Upon treatment by IR,
the primary response of GBM cells has been reported to be proliferation arrest. The arrested
GBM cells then undergo premature senescence within 4–8 days following IR as alternative
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responses to apoptosis [509]. It has been demonstrated that PARP-1 activity in GBM during
radiotherapy is required for residual GBM cells to escape from TIS [498]. IR has been
shown to induce primarily premature senescence rather than apoptosis in human NSCLC
in a dose-dependent manner [510]. The antitumor effect of IR doses (0–6 Gy) has been
reported to correlate well with IR-induced premature senescence, as evidenced by increased
SA-β-Gal staining, decreased BrdU incorporation, and elevated expression of p16INK4A

in irradiated NSCLC [510]. Previous studies have shown that IR-induced senescence in
NSCLC cells is associated with p53 and p21 expression [471,511]. It has been demonstrated
that IR induces the expression of phosphorylated p53 and p21 in a dose-dependent manner
in H460 cells [510]. It has been reported that escape from TIS in both a p53 null NSCLC
in vitro and in primary tumors is due to overexpression of CDK1 [512] and survivin [513]
and that aberrant expression of CDK1 promotes the formation of polyploid senescent cells,
which are an important intermediary through which escape preferentially occurs [495]. It
has been demonstrated that the concurrent radiotherapy with the blockade of DNA-PK
and PARP-1 enhances the senescence of irradiated H460 cells in vitro and in vivo further
than that accomplished with IR alone [514].

6. Polyploid Giant Cancer Cells/Multinucleated Giant Cancer Cells in Glioblastoma
and Non-Small-Cell Lung Cancer

Aneuploidy is a ubiquitous characteristic of tumors. Over 90% of human solid tumors
are aneuploid [515]. A large amount of data has been provided irrefutable evidence that
IR can activate cell cycle checkpoints that inhibit entrance into or progression through
mitosis [516,517]. The frequency of polyploid giant cancer cells (PGCCs) and multinucle-
ated giant cancer cells (MNGCs) have been reported to be positively correlated with high
tumor recurrence, malignancy grade [518,519], poor prognosis, and resistance to tumor
therapy [520–525]. PGCCs/MNGCs have been shown to contribute to solid tumor hetero-
geneity [526] and to be an integral part of the tumor cell life cycle [526]. PGCCs/MNGCs
are not dormant as formerly thought [13,526,527]. It has been revealed that tumor cells can
escape cell death following IR by endopolyploidization [41], as well as PGCCs/MNGCs
have been observed to be more radioresistant than their diploid counterparts [528,529].
Polyploid tumor cells formed through IR-induced mitotic catastrophe have been demon-
strated to be able to survive long enough to establish a growing population of cells (for
weeks) post-IR [530–533]. PGCCs/MNGCs have been described as flattened tumor cells
with extremely enlarged or multiple nuclei with an elevated genomic content when com-
pared to other tumor cells in the same tumor [525,534,535], which confer on them the
ability to generate the functions of different cell types via genetic and epigenetic mod-
ifications [40]. These cells have been shown to cease to proliferate or proliferate very
slowly such that they are often considered as dead cells in the traditional colony for-
mation assay, also referred to as “clonogenic survival”, the gold standard for assessing
radiosensitivity of human cells in vitro [40,42]. Several studies involving various tumor
cell types have demonstrated that these giant cells are highly adaptable to hypoxic stress
and acquire a mesenchymal phenotype with increased expression of CSCs markers, such as
CD44, CD133, Oct4, stage-specific embryonic antigen-1 (SSEA-1), NANOG, and SOX2 [526]
and ZEB1 [39,522,526,536–538]. The main mechanisms responsible for the formation of
PGCCs/MNGCs appear to be associated with cell fusion [539], endoreplication/mitotic
bypass [540,541], cytokinesis failure [540,541], and cell cannibalism by entosis [542]. Of
note, polyploidy can either be reversible and irreversible [543]. Irreversible polyploidy
has been known to occur through DNA re-replication in the absence of mitosis and can
reach very high levels of genome duplication up to several thousand or more [544], while
PGCCs/MNGCs, which typically do not exceed 32 n, can revert to mitosis and initial para-
diploidy [38,533,545]. While most of these cells will undergo cell death following mitotic
catastrophe [546], some of them can release continuously small rapidly proliferating viable
para-diploid tumor cells termed “Raju, RJ” with extended mitotic life span via “neosis”
or “de-polyploidization” [514,546–549]. Neosis, a novel manner of cell division in tumors,
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was first reported by Sundaram et al. in 2003 [548]. This peculiar parasexual pattern of
somatic reduction division of PGCCs/MNGCs is characterized by karyokinesis through
efficient mechanisms, such as nuclear budding/bursting, giving rise to small daughter
nuclei; these nuclei then acquire cytoplasm, desperate from the giant mother cells, and
exhibit long-term proliferation. The authors referred to this process as the “giant cell
cycle” [550]. Additionally, it has been shown that this process involves nuclei remodeling,
telomere clustering, and chromosome double loop formation [530,533]. The giant cell cycle
is controlled by key regulators of stemness (e.g., Oct4), mitosis (e.g., cyclin B1 and aurora B
kinase), and meiosis (e.g., MOS) [537,543,551]. Reduction division of polyploidy cells has
been shown to express features of meiotic divisions in a disordered fashion and contribute
to genetic diversity rendering tumor cells more apt to survive following antitumor treat-
ments [530,552]. Several studies have demonstrated that RJ cells give rise to transformed
cell lines with genomic instability and also display a phenotype and transcriptome different
from the mother cell [548]. Compared to diploid cancer cells, RJ cells have been shown to
express fewer epithelial markers and gain a mesenchymal phenotype [524]; thus, these cells
can stimulate migration, invasion, and anchorage-independent growth [548]. Although
their depolyploidization processes can occur at any time post-treatment, it can take several
weeks or months until a stable population of daughter cells appears [42,526,553]. It has
been found that the retreatment of the recovered cells causes the same process again [41].
In addition, the newly formed RJ cells have been reported to play a role in self-renewal
in tumors [554,555] due to their stem-like traits [526,536,556]. Diaz-Carballo et al. [557]
documented that PGCCs/MNGCs can confer the surrounding cells’ stemness properties
through lateral transfer of a sub-genome, in which PGCCs/MNGCs form intra-cytoplasmic
daughter cells that express increased levels of CSCs markers and then transmit into neigh-
boring cells via cytoplasmic tunnels [40]. It has been demonstrated that p53 deficiency
is permissive for multipolar and asymmetric divisions of tetraploid cells, resulting in
ample alterations in cell cycle progression and formation of aneuploid cells [41,552,553].
It has been shown that the response of radioresistant p53 mutated tumors to genotoxic
damage is characterized by a failure to arrest in the G1 phase and induction of mitotic
catastrophe [549]. Data on the enrichment of PGCCs/MNGCs following IR exposure were
published first by Puck and Marcus for the human HeLa cervical carcinoma cell lines in
1956 [558]. The authors observed using CFA that a large proportion of HeLa cells lost their
ability to produce macroscopic colonies (≥50 cells) within 9 days post-IR at a single dose of
7 Gy [558]. Furthermore, they also showed that these cells remained metabolically active
for long times post-IR (e.g., 3 weeks), indicating their ability to change medium pH, if
the medium was periodically changed. Genotoxic treatment-induced PGCCs/ MNGCs
have been demonstrated to exhibit increased resistance to DNA damage [41,42,548,553].
Increasing evidence has shown that curbing the genotoxic insults is clearly linked to re-
versible polyploidy, which itself is associated to a stemness phenotype induction [543]. It
has been reported by Weihua et al. that grafting only a single MNGC was sufficient to
produce metastatic lung tumors in murine fibrosarcoma model [13]. We have previously
demonstrated that hypofractionation regimen causes an increase in the proportion of poly-
ploidy in both p53-null and p53-wt radiotherapy surviving NSCLC sublines compared to
parental cells [441]. They provide a powerful survival advantage to cells carrying DNA
damage [543]. Polyploidization cycle has been shown to continue on days 3–5, ultimately
leading to a polyploidization phase (8–32n). On days 5–6 post-IR, the switch from poly-
ploidization to ploidy reduction divisions emerges [41]. Mirzayans et al. found that the
lowest frequency of PGCCs/MNGCs in low-passage primary GBM cell lines was 1 in
20 cells (~5% of total cells) [40]. Based on such observation, the authors evaluated that
each ~1 cm3 of brain tumor contains at least 5 million of MNGCs/PGCCs [40]. It has been
pointed out that PGCCs/MNGCs are not pre-existing giant cells from the parent population
but generate via IR-induced homotypic cell fusion among radioresistant GBM cells [547].
Data from our very recent study have suggested the significance of TP53wt/PTENmut
status in the maintenance of in vitro cycling and migration of radioresistant GBM cells to
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produce a high number of PGCCs/MNGCs in response to therapeutic IR doses (2–6 Gy).
Our current general data have revealed that some TP53wt/PTENmutGBM cells-derived
PGCCs/MNGCs can generate RJ cells and finally form large colonies 24 h post-IR (Figure 4).
In addition, this work has indicated that differences in the proliferative activity, colony
formation, and GBM cell lines radioresistance seem to be related to aneuploidy and neosis
and not to a mutant p53 expression (Lina Alhaddad et al., 2022, unpublished data).

Figure 4. PGCC/MNGC-cell-derived RJ cells in X-ray irradiated GBM U-87 cells.

7. Tumor Microenvironment (TME)

Because the sites of recurrence in GBM and NSCLC following radiotherapy are located
around the radiation-treated areas, it has been suggested that IR may contribute to the
induction of the TME [559,560]. The TME is comprised of a variety of cell types, including
proliferating tumor cells, non-neoplastic stromal cells, endothelial cells (EC), ECM, blood
vessels, infiltrating immune/inflammatory cells, cancer-associated fibroblasts, myeloid sup-
pressor cells (MSCs), regulatory T cells (Treg), tumor-associated macrophages (TAMs) [137],
and tumor-infiltrating lymphocytes (TILs). Furthermore, the TME also consists of various
immunosuppressive factors released by all cell types within the tumor to support its growth,
progression, and malignancy, such as prostaglandin E2 [561], adenosine [562], NF-κB, tumor
necrosis factor-alpha (TNF-α) [563], tumor-associated gangliosides [564], immunosuppres-
sive cytokines (for example TGF-β [565], IL-8 [566], and others [567]. All these networks of
various cells and biomolecules in the TME have been shown to contribute to the radiation
response [568]. The defective function of dendritic cells (DCs) has been known to represent
one of the mechanisms of tumor evasion from immune system control [569]. Natural killer
cells, which mediate the innate immune system and engage in reciprocal interactions with
macrophages, DCs, T cells, and endothelial cells, are conspicuously absent from most tumor
infiltrates [570,571]. Recent studies have pointed to the potential of the TME to initiate SC
programs. TILs, containing various proportions of CD3+CD4+ and CD3+CD8+ T cells, are
usually a major component of the TME [572]. TAMs have been known to be involved in
inducing angiogenesis, tumor growth, migration, metastasis, invasion, immunosuppres-
sion, and resistance against radiotherapy through secreting many inhibitory chemokines
and cytokines, such as IL-6, IL-8, IL-10, IL-34, colony-stimulating factor 1 (CSF-1), tumor
necrosis factor, prostaglandin E2, MMPs, and CCL2, CCL5, and CCL18 [573,574]. It has
been well documented that MSCs regulate the immune response under normal physiologic
conditions by interacting with various immune cells [575] and the maturation, differentia-
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tion, proliferation, and functional activation of peripheral blood mononuclear cells [576],
but in the tumor, presence are subverted to induce its escape [577,578]. MSCs have been
shown to be increased in the peripheral blood of patients with various tumors [579]. MSCs
present in the TME have been found to promote tumor growth and suppress immune cell
functions, as well as display radioprotective activity through copious production of an
arginase 1, an enzyme involved in the metabolism of L-arginine, which synergizes with ni-
tric oxide synthase to increase superoxide and nitric oxide production, blunting lymphocyte
responses [580,581]. MSCs also suppress T-cell responses in the TME. Tumors release TGF-β
or promote TGF-β secretion from MSCs [582]. In addition, indoleamine-2,3-dioxygenase
(IDO) secreted by MSCs has been reported to be involved in the breaking down of tryp-
tophan, an essential amino acid for differentiation and T-cell proliferation [583]. Tumors
produce ample factors, including IL-6, IL-10, CSF-1, granulocyte- macrophage CSF (GM-
CSF), VEGF, which elicit MSC recruitment and block lymphocyte functions, as well as DCs
maturation [582]. Polymorphonuclear leukocytes have been infrequently seen in tumor
infiltrates [584]. Inflammatory cells present in the TME have been reported to contribute to
tumor progression [577]. Tregs are a characteristic feature of the TME and represent potent
mediators of dominant self-tolerance in the periphery [585,586]. Accumulations of Tregs
in the TME characterized by the expression of the forkhead/winged helix transcription
factor (Foxp3) have been reported to promote tumor progression and prognosis, as well
as downregulate effective antitumor immune responses in tumor-bearing hosts, thereby
deterring tumor immune surveillance [587–589]. In the process of tumor immune escape,
Tregs have been shown to suppress antigen presentation by myeloid-derived suppressor
cells [590], DCs, CD4+ T helper (Th) cells and generate tumor-specific CD8+ cytotoxic T
lymphocytes through TGF-β, IL-10, and IL-35 secretion (epstein-barr virus induced 3-IL-
12α heterodimer) [586,591]. Treg-expressing cytotoxic T lymphocytes associated antigen
4 have been found to combine with CD80 and CD86 on the surface of DCs, leading to
reduced DCs maturation [592], as well as Tregs promote the immunosuppressive capacity
of myeloid-derived suppressor cells via the programmed cell death ligand 1 (PD-L1) path-
way [590]. Furthermore, it has been suggested that Tregs interfere with cell metabolism
mainly in two ways: (a) IL-2 deficiency in the TME, thus inhibiting the growth of effector T
cells [593]; (b) CD39 and CD73, which are constitutionally expressed in human Tregs, can
hydrolyze extracellular ATP or ADP into AMP and produce adenosine [594]. Several Tregs
subsets have been recognized in tumors: (a) natural Tregs (nTregs), which obstruct the
proliferation of other T cells in the TME through contact-dependent mechanisms involving
the CD95 or granzyme B/perforin pathways, and they have been found to be responsible
for maintaining peripheral tolerance to self [595]; (b) inducible Tregs (iTregs) also referred
to as type 1 regulatory T cells (Tr1), which are induced in the periphery following chronic
antigenic stimulation in the presence of IL-10 derived from tolerogenic antigen-presenting
cells [596]. Additionally, FOXP3+CD3+CD4+CD25+ phenotype has been found to occur
in nTreg [597], while CD4+CD25lowCD132+TGF-β+IL-10+IL-4- phenotype has been con-
sidered to be a classical combined marker of Tr1 [586]. The GBM TME has been shown
to be more immunosuppressive compared to other malignancies due to the release of
potent immunosuppressive cytokines (e.g., IL-10 and TGF-β) [598]), negative regulators of
effector cell functions (e.g., programmed death-ligand 1 and IDO), and oncometabolites
(e.g., (R)-2-hydroxyglutarate6 and O6-methylguanine-DNA methyltransferase promoter
methylation) [599]. It has been demonstrated that tumor-infiltrating neutrophils facilitate
GSCs accumulation through S100A41 upregulation [600]. It has been shown that soluble
factors secreted by endothelial cells maintain the self-renewal of GSCs and facilitate the
initiation and growth of tumors [601]. It has been indicated that IR enhances the inva-
siveness of NSCLC via GM-CSF [602]. The expression level of IL-23 has been reported to
be elevated in NSCLC patients after radiotherapy in response to the secretion of growth
factors, signaling molecules, and anti-apoptosis factors compared to non-irradiated serum
samples [333].

166



Int. J. Mol. Sci. 2022, 23, 13577

8. The Potential Treatment of Radioresistance in Glioblastoma and Non-Small-Cell
Lung Cancer

Radiotherapy is a modality of oncologic treatment that can be used to treat about 50%
of all cancer patients either alone or in combination with other treatment modalities such as
chemotherapy, surgery, immunotherapy, and therapeutic targeting. Standard radiotherapy
for GBM and NSCLC malignancies is not target-specific against them and is often not fully
effective. The need to improve additional strategies for the treatment of these cancers is
urgent. As mentioned previously, a major factor related to radioresistance is the existence
of CSCs inside tumors, which are responsible for metastases, relapses, and radiotherapy
failure. The intrinsic radioresistance of CSCs reveals the need to reassess the underlying
mechanisms of the response of tumors to conventional and novel radiotherapy with a
specific focus on CSCs. The identification of molecular targets that control CSCs can con-
tribute to the development of novel chemotherapeutic drugs able to eliminate and prevent
new CSCs growth in patients. This will help prevent metastasis and tumor relapse with a
reduction of morbidity and toxicity, ultimately improving the outcomes in cancer patients.
In order to conquer CSCs’ radioresistance to conventional radiotherapy, different strategies
such as immunotherapy, gene therapy, molecular inhibition, and combination therapy
have been widely investigated. Moreover, although many patients are still treated with
conventional radiotherapy, other modern radiotherapy techniques have been developed,
such as stereotactic body radiotherapy, hadron, and ultra-high dose-rate radiation therapy,
which delivers precise high doses of radiation to target local tumors.

9. Conclusions and Perspectives

Collectively, the unique proprieties of CSCs, such as the ability to sustain a pool of
undifferentiated stem cells through self-renewal, a high level of plasticity due to their
adaptation to the TME pressures, including oxidative stress and immunosuppression,
remarkable tumorigenic and metastatic capabilities, and an efficient DNA damage re-
pair, make them the root of tumor relapse. The identification of CSCs within GBM and
NSCLC may therefore be critical to hinder tumor radioresistance. IR-induced proliferation
arrest and polyploidy can favor the emergence of highly tolerable stem-like phenotype
and self-renewal potential in these tumors, thereby targeting quiescent cancer cells, pre-
maturely senescent, and PGCCs/MNGCs in conjunction with radiotherapy for patients
diagnosed with GBM and NSCLC may also represent an attractive avenue to circumvent
their advanced malignancy and recurrence.
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Abstract: Exosomes released by irradiated cells mediate the radiation-induced bystander effect, which
is manifested by DNA breaks detected in recipient cells; yet, the specific mechanism responsible for
the generation of chromosome lesions remains unclear. In this study, naive FaDu head and neck cancer
cells were stimulated with exosomes released by irradiated (a single 2 Gy dose) or mock-irradiated
cells. Maximum accumulation of gamma H2A.X foci, a marker of DNA breaks, was detected after
one hour of stimulation with exosomes from irradiated donors, the level of which was comparable to
the one observed in directly irradiated cells (a weaker wave of the gamma H2A.X foci accumulation
was also noted after 23 h of stimulation). Exosomes from irradiated cells, but not from control
ones, activated two stress-induced protein kinases: ATM and ATR. Noteworthy is that while direct
irradiation activated only ATM, both ATM and ATR were activated by two factors known to induce
the replication stress: hydroxyurea and camptothecin (with subsequent phosphorylation of gamma
H2A.X). One hour of stimulation with exosomes from irradiated cells suppressed DNA synthesis in
recipient cells and resulted in the subsequent nuclear accumulation of RNA:DNA hybrids, which is
an indicator of impaired replication. Interestingly, the abovementioned effects were observed before
a substantial internalization of exosomes, which may suggest a receptor-mediated mechanism. It was
observed that after one hour of stimulation with exosomes from irradiated donors, phosphorylation of
several nuclear proteins, including replication factors and regulators of heterochromatin remodeling
as well as components of multiple intracellular signaling pathways increased. Hence, we concluded
that the bystander effect mediated by exosomes released from irradiated cells involves the replication
stress in recipient cells.

Keywords: bystander effect; exosomes; ionizing radiation; non-targeted effects of radiation;
replication stress

1. Introduction

The radiation-induced bystander effect (RIBE) is a phenomenon in which non-irradiated
cells exhibit several molecular and cellular features typical for a response to ionizing
radiation. Such effects, which include changes in gene and protein expression, proliferation,
genetic instability, and cell death, are the results of different signals received from nearby
(or distant) directly irradiated cells. Clastogenic effects, including DNA strand breaks,
chromosome aberrations, and mutations, are the most characteristic features of RIBE.
Therefore, it is postulated that local irradiation (e.g., during radiotherapy) may cause
systemic cytotoxic and genotoxic damages outside of the radiation field and can even lead
to carcinogenic effects beyond the therapy field. Although there is no generally accepted
direct evidence yet, it has been suggested that RIBE (and other potential “non-targeted”
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effects of radiation) may putatively interfere with the results of radiation therapy [1–3].
There are several different classes of signals involved in the RIBE. Many “soluble” factors
released by irradiated cells to the cell culture media were proposed, including cytokines,
chemokines, and other inflammation mediators, as well as reactive oxygen species (ROS),
nitric oxide (NO), and different miRNA species [4–6]. More recently, extracellular vesicles
have also been implicated in this signaling mechanism.

All types of cells released into the extracellular environment different membrane-
enclosed vesicles (i.e., extracellular vesicles (EVs)), which appear as key mediators of
intercellular communication. Exosomes are the smallest EVs (30–150 nm), which derive
from the inward budding of the endosomal membrane to form the multivesicular body that
fuses with the plasma membrane to release exosomes to the extracellular space. The cargo of
exosomes consists of selected molecules located inside these vesicles or associated with their
membrane, which specifically reflects the phenotypic state of donor/parent cells [7–9]. The
important role of exosomes and other EVs in multiple biological processes initiated a large
number of studies focused on their structure and function, which enabled the discovery
of different classes of these vesicles with different biogenesis. Therefore, for practical
purposes, exosomes and other classes of virus-sized vesicles (<200 nm) are collectively
termed small EVs (sEVs) [10]. Endosome-derived exosomes and other classes of sEVs are
well-known mediators of cellular response to different types of stress [11,12]. It has been
documented that exosomes released by irradiated cells are involved in different aspects of
the systemic response to ionizing radiation. It is noteworthy that both cytotoxic/genotoxic
and cytoprotective effects were reported in the context of exosome-mediated RIBE. For
example, exosomes released by irradiated cells increased levels of chromosomal aberrations
and genetic instability in recipient breast cancer cells [13] as well as reduced viability,
caused calcium influx, and stimulated production of reactive oxygen species in recipient
keratinocytes [14]. On the other hand, exosomes released by irradiated head and neck
cancer cells were shown to stimulate DNA repair and enhance the survival of recipient
cells subjected to irradiation after exosome uptake [15]. Hence, different effects mediated
by exosomes released from irradiated cells could be observed in recipient cells, which
putatively depend on the cell context. Moreover, though phenotypic effects associated
with such exosomes are readily observed in different experimental models, the molecular
mechanism underlying their action remains unclear. Here, we addressed molecular and
cellular mechanisms mediated by exosomes released from irradiated cells and found
that exosomes induced acute replication stress in recipients, which may have different
consequences depending on a specific cellular context.

2. Results

The total population of sEVs was isolated by size-exclusion chromatography (SEC)
from the cell culture media 24 h after irradiation with a single 2 Gy dose or after sham
irradiation of FaDu cells (cell line derived from human head and neck carcinoma). The re-
sponse of FaDu cells to different doses of radiation has previously been analyzed in studies
focused on radiation-induced changes in molecular components (i.e., proteins and miRNA)
of released exosomes [16,17], which revealed the full viability of cells irradiated with 2 Gy
at the time of vesicle collection [17]. Purified vesicles were characterized according to the
MISEV2018 guidelines [10]. The morphology and size of the vesicles released either from
irradiated cells (Ex_2Gy) or sham-irradiated ones (Ex_0Gy) were analyzed by transmission
electron microscopy and dynamic light scattering, which revealed an average vesicle size
in the range of 50–100 nm in both cases (Figure 1A,B). The analyzed fraction of vesicles
contained typical exosome biomarkers, including CD9 and CD63 (Figure 1C); hence, for
simplicity, small EVs present in the studied material are called exosomes hereinafter. We
found that irradiated cells released markedly more vesicles, and the amounts of total
exosome proteins (TEPs) produced by the same number of cells were at least five-fold
higher in the case of Ex_2Gy (which is also shown in Figure 1C). Both types of purified
exosomes (i.e., Ex_2Gy and Ex_0Gy) were added to the culture of the naive FaDu cells;
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the proportion of vesicles and target cells assumed 10-fold excess of (hypothetical) donor
cells over recipient cells. To compare the rate of exosome internalization, differently la-
beled Ex_2Gy and Ex_0Gy were added simultaneously to the culture media. Then, the
kinetics of the uptake of a specific dye by cells were analyzed by fluorescence microscopy.
We observed that internalization of exosome membrane-bound dye started after 30 min
of co-incubation with cells and that internalization of Ex_2Gy-specific dye was 2-3-fold
faster than Ex_0Gy-specific dye (Figure 1D; relative uptake of both types of vesicles was
normalized regarding their saturation levels after 6 h of co-incubation).

 

γ

γ

γ

γ
γ

γ

γ

Figure 1. Characteristics of exosomes: TEM imaging of vesicles (A); size of vesicles assessed by
DLS measurement (B); and the presence of exosome markers (C) in total sEVs released by mock-
irradiated FaDu cells (Ex_0Gy) and cells irradiated with 2 Gy dose (Ex_2Gy); (D) relative amounts of
internalized vesicles based on the accumulation of exosome membrane-bound dyes (expressed as
a percentage of a dye level noted after 6 h of co-incubation).

To address a hypothetical RIBE activated in exosome-stimulated cells, we analyzed the
presence of the so-called γH2A.X foci in nuclei of recipient cells, a generally accepted marker
of DNA strand breaks which, in the case of radiation-induced DNA double-stranded breaks,
showed dose dependence [18]. We found that the levels of γH2A.X foci in the nuclei of cells
directly irradiated with a 2 Gy dose (1 h after irradiation) and nuclei of Ex_2Gy-stimulated
cells (after 1 h of incubation) were comparably high. In marked contrast, generally low
levels of γH2A.X foci in nuclei of Ex_0Gy-stimulated cells were similar to that in the naive
untreated control cells (Figure 2A), which indicated that exosomes released by irradiated
cells induced RIBE in the naive, non-irradiated cells. The highest level of Ex_2Gy-induced
γH2A.X foci was noted after 1 h of co-incubation; then, it gradually decreased, and the
levels of γH2A.X foci in cells stimulated with Ex_2Gy were similar to the background
level in control cells after 6–8 h of co-incubation. However, another wave of γH2A.X foci
was noted after 23 h of stimulation with Ex_2Gy; the latter effect was weaker (Figure 2B),
and we further focused on the early effect. The number of γH2A.X foci was significantly
higher in cells stimulated with Ex_2Gy than in control naive cells or cells stimulated with
Ex_0Gy, both after 1 and 3 h of stimulation (p > 0.001 and p > 0.05, respectively; Figure 2C).
Furthermore, a similar difference between exosomes released by irradiated and mock-
irradiated cells was observed when the amounts of Ex_2Gy and Ex_0Gy were standardized
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according to the actual TEP (Figure 2D), which indicated that the specific effect of exosomes
released by irradiated cells was associated with their “quality”, not quantity.

 

γ γ
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Figure 2. Induction of γH2A.X foci by exosomes from irradiated cells. (A) Visualization of γH2A.X
foci in FaDu cells co-incubated (1 h) with exosomes released by sham-irradiated (Ex_0Gy) or irradiated
(Ex_2Gy) cells; untreated cells (PBS control, Ctr) or cells directly irradiated with 2Gy (IR) were used as
controls. (B) The number γH2A.X foci after different times of co-incubation with exosomes (1–23 h).
(C) The number γH2A.X foci after 1 and 3 h of co-incubation with exosomes; directly irradiated
cells (IR) were analyzed 1 h after irradiation. (D) The relative intensity of γH2A.X foci after 1 h
of co-incubation; the number of Ex_0Gy and Ex_2Gy exosomes were normalized according to the
number of donor cells (Cell norm.) or according to the total exosome proteins (TEP norm.); the
nucleus-integrated intensity was expressed as a fold-change versus PBS-treated controls (FC vs.
Ctr). Box plots show the median, minimum, maximum, and lower and upper quartiles; statistically
significant differences between groups are represented by asterisks: * p < 0.05 and ** p < 0.001 (only
differences between Ctr and exosome-stimulated cells are shown for clarity).

To search for mechanisms induced by exosomes released by irradiated cells, several
molecular features were addressed in the recipient cells. The phosphorylation of H2A.X at
Ser-139 could be catalyzed by a few phosphoinositide 3-kinase-related protein kinases in-
cluding two stress-activated kinases: ATM, activated by radiation-induced double-stranded
DNA breaks [19], and ATR, activated in response to single-stranded DNA breaks and dur-
ing the replication stress [20]. Activation of both protein kinases was analyzed in our
experimental model by addressing their active phospho-forms: P-ATM at Ser-1981 and
P-ATR at Thr-1989 after one hour of stimulation. We found that stimulation with Ex_2Gy
but not with Ex_0Gy resulted in the activation of both ATM and ATR. Of note was that
direct irradiation (with 2 Gy) activated primarily ATM (1 h after irradiation). In marked
contrast, two factors that are known to induce the replication stress, hydroxyurea (HU)
and Topoisomerase I inhibitor camptothecin (CPT), activated both ATM and ATR. All
types of stimuli that activated ATM and/or ATR (i.e., Ex_2Gy, IR, HU, and CPT) resulted
in phosphorylation of H2A.X at Ser-139 and p53 at Ser-15 (Figure 3A). Hence, one could
conclude that stimulation of recipient cells with exosomes released by irradiated cells might
induce effects similar to factors known to induce the replication stress.
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β

Figure 3. Exosome-stimulated changes in the phosphoproteome of the recipient cells.
(A) Phosphorylation of selected DNA damage-related proteins analyzed by Western blotting. FaDu
cells were stimulated with exosomes released by sham-irradiated (Ex_0Gy) or irradiated (Ex_2Gy)
cells, hydroxyurea (HU), and camptothecin (CPT) or directly irradiated with 2 Gy (IR); β-actin was
used as a loading control (raw Western blot images are available in Figure S1). (B) Network of
putative interactions between proteins phosphorylation which was induced in FaDu cells after one
hour of stimulation with Ex_2Gy vesicles; color-coded are the proteins associated with two selected
GO terms: nuclear localization and nucleic acid binding function (p-value refers to the significance of
the term overrepresentation).

To further address molecular changes induced by exosomes from irradiated cells, we
analyzed changes in the whole phosphoproteome of recipient cells after 1 h of stimula-
tion with exosomes using a shotgun LC-MS approach. The performed analysis revealed
36 phosphopeptides that were significantly upregulated, specifically in cells stimulated
with exosomes from irradiated cells (phosphopeptides corresponding to phosphoproteins
analyzed in Figure 3A were not identified due to the shortcomings of the untargeted
approach). Proteins corresponding to phosphopeptides that were detected in this untar-
geted approach (Supplementary materials File Table S1) are presented in Figure 3B. In
general, upregulated phosphopeptides corresponded to proteins that had nuclear local-
ization (GO:0005634) and nucleic acid binding functions (GO:0003676). Nuclear proteins
whose phosphorylation was induced by exosomes from irradiated cells included replication
factors (RFC1, RLWD1) and regulators of heterochromatin remodeling (HP1BP3, CBX3,
SMARCC1, NCL) as well as components of the nuclear lamina (LMNB1 and LMNA) and
nuclear matrix (MATR3, SRRM1). Moreover, proteins whose phosphorylation was spe-
cific for cells stimulated with Ex_2Gy included phosphatidylinositol 4-kinase beta (PI4KB,
P-Ser-511), a protein involved in the PIP-mediated intracellular signaling network [21],
and plakophilin-3 (PKP3, P-Ser-238), a desmosome protein involved in different signaling
pathways [22].

To verify directly the hypothesis that exosomes from irradiated cells affect DNA repli-
cation in recipient cells, the labeled analog of thymidine was added to cells pre-stimulated
(1 h) with exosomes (Ex_2Gy or Ex_0Gy) and classical inducers of the replication stress
(HU or CPT), and then the foci of newly replicated DNA were visualized by fluorescence
microscopy (Figure 4A). Pre-incubation with HU or CPT almost totally inhibited DNA
replication. Most interestingly, however, stimulation with Ex_2Gy (but not with Ex_0Gy)
also markedly reduced the number of the active replication sites (though the response was
more heterogeneous in the cell population). To further address the observed phenomenon,
we searched for the presence of RNA:DNA hybrids, the appearance of which is frequently
associated with the malfunction of the replication process [23]. We found that after 3 h of
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stimulation with exosomes, Ex_2Gy in particular, RNA:DNA hybrids were abundant in the
nuclei of recipient cells. The nuclear areas occupied by such structures were comparable
in cells incubated with HU and stimulated with Ex_2Gy (Figure 4B), which additionally
indicated that exosomes released by irradiated cells induced mechanisms resembling the
replication stress in the naive recipient cells.

 

Figure 4. Inhibition of DNA replication by exosomes from irradiated cells. (A) Foci of newly
replicated DNA initiated in FaDu cells after one-hour of incubation with exosomes released by sham-
irradiated (Ex_0Gy) or irradiated (Ex_2Gy) cells or with HU or CPT. (B) Visualization of RNA:DNA
hybrids in nuclei of FaDu cells incubated for 3 h with Ex_0Gy or Ex_2Gy vesicles; the graph shows the
relative occupancy of RNA:DNA hybrids in the nuclei cells incubated with exosomes (1 or 3 h) or HU
(1 h). Box plots show the median, minimum, maximum, and lower and upper quartiles; statistically
significant differences between groups are represented by asterisks: * p < 0.05 and ** p < 0.001 (only
differences between Ctr and exosome-stimulated cells are shown for clarity).

3. Discussion

The plethora of phenomena induced in non-irradiated cells by signals from irradiated
ones has been known under the collective term of the non-targeted effects of radiation or
radiation-induced bystander effect. Several independent mechanisms involved in radiation-
induced non-targeted effects exist including two major types of signaling: (1) direct cell-
to-cell communication between irradiated and non-irradiated cells through gap junctions;
(2) paracrine/endocrine signaling via “soluble” factors secreted by the irradiated cells into
the surroundings [4]. In the recent decade, an interesting mediator of these effects was
proposed: exosomes and other classes of membrane-enclosed vesicles released by cells into
the extracellular space. Several works documented that exosomes from irradiated cells
could increase the viability and (radio) resistance of target cells [24–26], partly by stimula-
tion of DNA repair in recipients [15], while in other experimental models, exosomes from
irradiated cells were clastogenic [27] and stimulated cell death [28]. However, although
exosome-mediated mechanisms of the systemic response to radiation may have important
clinical implications, many aspects of their action remain unknown. Here, we showed that
early exosome-mediated radiation-induced non-targeted effects, observed within one hour
of the bystander cell stimulation, included the replication stress in the recipient cell.

Due to the limitations of cytogenetic methods used for the assessment of RIBE,
exosome-mediated effects were usually observed in long-term assays [13,14,27,29]. A few
exceptions included studies where exosome-mediated RIBE was assessed using molecular
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tests enabling observation of earlier effects, which could be represented by the report of
Arioshi and coworkers, who observed increased accumulation of γH2A.X foci and 53BP1
foci after 24 h of stimulation with exosomes from irradiated cells [30]. However, in other
experimental models, where less-defined “soluble” components of conditioned media were
tested, the formation of γH2A.X foci and other molecular changes were observed, even
after a few minutes of stimulation (with their maximum after 30–60 min) [5]. Such early
changes are reported here for the first time in the context of exosome-mediated mechanisms,
where a high level of γH2A.X foci accumulated after 60 min of stimulation. Although the
second (weaker) wave of γH2A.X foci accumulation was observed after approximately
24 h of stimulation, which corresponded to the effects observed by others, the latter effect
was putatively associated with distinct mechanisms induced in recipient cells. Interestingly,
molecular changes induced in recipient cells by exosomes from irradiated cells were ob-
served before a substantial number of exosomes were internalized. We started to observe
labeled membranes of exosomes inside the target cells after 30 min of co-incubation, while
after 60 min of co-incubation, very few exosomes were visible inside the cells (below 5%
of the “saturation” level). Moreover, the level of internalized exosomes did not corre-
late with the extent of changes observed in the recipient cells. This suggested that early
exosome-mediated mechanisms of RIBE depended on ligand–receptor interactions between
vesicles and the target cells, while the specific molecular cargo delivered to the recipient
cells after the exosome uptake could be involved in later events. Hence, it is important to
note that phosphatidylinositol 4-kinase beta (PI4KB), a component of the PIP-mediated
intracellular signaling network associated with the regulation of cell division [21] and viral
replication [31], was rapidly phosphorylated specifically in cells stimulated by exosomes
from irradiated cells.

The generally accepted model assumes that RIBE signals upregulate the generation of
reactive oxygen species (ROS) in the targeted cell, which via generation of DNA damage,
likely in conjunction with DNA replication and transcription, initiate the DNA damage
response (DDR) in the bystander cell. This DDR involves the activation of ATM/ATR-
dependent signaling cascades, which aside from participation in the repair of DNA strand
breaks, activates Chk1 and Chk2 checkpoint kinases. The activation of checkpoint ki-
nases stops the progression of the cell cycle, which may have either cytoprotective or
cytotoxic consequences depending on the cell context [4]. Data presented in this report fit
this general model. Reactive oxygen species and ROS-induced DNA damage are known
activators of replication stress [32,33]. Incorrect DNA structures that form during the repli-
cations stress are recognized by the ATR/ATRIP complexes, which activate further cellular
response [3,34]. Here, we observed that early molecular effects induced by exosomes from
irradiated cells included activation of both ATM and ATR, which resembled the patterns
of ATM/ATR activation observed in cells treated with hydroxyurea and inhibitor of Topo
I, i.e., canonical inducers of the replication stress. Indeed, both exosomes from irradiated
cells and inducers of the replication stress triggered the suppression of DNA synthesis
and subsequent nuclear accumulation of RNA:DNA hybrids. Moreover, the majority of
early changes induced by exosomes from irradiated cells in the cellular phosphoproteome
involved nuclear proteins associated with replication and the maintenance of chromatin
structure. Interestingly, this includes nuclear lamins, which were recently linked to the man-
agement of replicative stress [32]. Hence, our data indicated collectively that activation of
the replication stress is a key element of the cellular response induced in the recipient cells
by exosomes released by irradiated cells. Moreover, proteins phosphorylated specifically
in response to exosomes from irradiated cells also included components of desmosome
(plakophilin) and cytoskeleton (dixin and MAP4) involved in cell adhesion and migration.
This is important to note because previous studies reported that exosomes from irradiated
cells increased the motility of recipient cells [35,36].

Hypothetically, three potential explanations for changes induced in bystander cells
by vesicles released from irradiated but not from unexposed donor cells could be offered:
(i) larger amounts of vesicles released by irradiated donors; (ii) more efficient uptake of
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vesicles from irradiated donors; (iii) differences in molecular cargo between exosomes
from irradiated and non-irradiated cells. Several previous reports [15,25,37], including the
current study, documented higher amounts of exosomes recovered from irradiated cells.
However, we showed here that if cells were exposed to an equal total exosome protein
load, the induction of γH2A.X remained significantly higher after the stimulation with
vesicles from irradiated cells, which indicated that the differences between exosomes from
irradiated and non-irradiated donors were mostly qualitative, not only quantitative. It
has been reported that radiation affects the cellular uptake of exosomes: irradiation can
enhance the uptake of exosomes by affected cells [15,38], and exosomes from irradiated
cells could be taken faster by recipient cells [35]; the latter effect was observed also in our
study. However, as discussed above, the early effect of exosomes seemed to be indepen-
dent of their uptake into the target cell. Finally, numerous papers showed that radiation
globally changed the protein and RNA content of released exosomes [16,17,36,39,40], and
functional changes in bystander cells could be attributed to protein and RNA (mRNA,
miRNA, and lncRNA) cargo delivered by exosomes [24,26,27,36]. More recently, mito-
chondrial DNA transferred by exosomes was proposed as another signal involved in the
RIBE [30]. Importantly, however, our data discussed above suggested that ligand-receptor
interactions were important for early effects induced in a target cell by exosomes released
by irradiated donors. Hence, radiation-upregulated proteins that putatively localize in
exosome membranes are of particular interest. In this context, it is important to note that
about half of proteins characteristic for exosomes released by irradiated FaDu cells were
associated with the GO term “membranes” [16]. Similarly, the third part of proteins, the
level of which increased after irradiation in exosomes released by another head and neck
cancer cell line UM-SCC6, was associated with the GO term “plasma membrane” including
RAC1 and RAC2 membrane-associated small GTPases that augment the production of ROS
by NADPH oxidase [40]. Therefore, the potential role of radiation-upregulated proteins
with actual exosome membrane localization in DDR signaling (the generation of ROS in
particular) is an interesting subject of future studies.

4. Materials and Methods

4.1. Cell Model

The FaDu cell line (HTB-43) was purchased from ATCC (as a component of the Head
and Neck Cancer Panel; TCP-1012); these cells were originally derived from human squa-
mous cell carcinoma located in the hypopharynx (HPV negative). Cells were grown in
a modified MEM medium with a final concentration of non-heat-inactivated FBS (Thermo
Fisher Scientific, Waltham, MA, USA; 10270106) of 10% (v/v) as described in detail else-
where [17]. The medium was replaced 3 times per week, and cells were incubated at 37 ◦C,
in air with 5% CO2. At the time of the experiments, cells were between passages 10 and 15.
Cells were irradiated with a single dose of 2 Gy at a dose rate of 1 Gy/min using 6 MeV
photons and a linear accelerator (True Beam, Varian, Palo Alto, CA, USA). To analyze the
effects of exosomes, naive cells were incubated with sEVs purified from cell culture media
(details below) on a cell imaging cover glass (Eppendorf, Hamburg, Germany; 0030742036)
coated with poly-L-lysine (Merck, Darmstadt, Germany; P4832) before seeding the cells.
The ratio of vesicles to recipient cells was calculated based on the number of sEV-releasing
cells (donor cells to recipient cells ratio of 10:1). Recipient cells were incubated with sEVs in
a fresh medium containing 5% (v/v) Gibco exosome-depleted FBS (Thermo Fisher Scientific,
Waltham, MA, USA; A2720801). Moreover, when indicated, cells were incubated with
hydroxyurea or camptothecin at a final concentration of 2 mM and 2.5 µM, respectively.

4.2. Purification and Characterization of sEVs

For vesicle isolation, FaDu cells were grown in T175 flasks (Greiner BioOne,
Kremsmünster, Austria; 660175) in a modified MEM with a final concentration of non-
heat-inactivated FBS (Thermo Fisher Scientific, Waltham, MA, USA; 10270106) of 10% (v/v).
The standard culture medium was replaced with a fresh one containing 5% (v/v) Gibco
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Exosome-Depleted FBS (Thermo Fisher Scientific, Waltham, MA, USA; A2720801). Then,
cells were irradiated (or sham-irradiated) and the cell culture medium was harvested 24 h
later. Forty milliliters of medium (corresponding to approximately 2.7 × 107 cells) were
centrifuged sequentially at 200× g (10 min), 2000× g (10 min), and 10,000× g (30 min) to
remove cellular debris and then filtered with a 0.22 µm filter (Merck, Darmstadt, Germany;
SLGP033RB) to remove large EVs (including putative apoptotic bodies or microvesicles).
The filtered medium was concentrated to 1 mL using a Vivacell100 ultrafiltration unit
(Sartorius, Göttingen, Germany; VC1042) and then loaded onto an Econo-Pac 10DG col-
umn (BioRad, Hercules, CA, USA; 732-2010) filled with 10 mL of Sepharose CL-2B (GE
Healthcare, Chicago, IL, USA; 17014001) at a length of 6 cm. The column was left until
dripping ceased (void volume); then, 1 mL fractions were eluted by loading stepwise
1 mL of PBS; sEVs of interest were eluted in fraction 4 (F4). For further analyses, 1 mL of
fraction F4 was concentrated to approximately 50 µL using Vivaspin500 ultrafiltration tubes
(Sartorius, Göttingen, Germany; VS0102). Exosome markers (CD9, CD63) were analyzed by
Western blot as described in detail elsewhere [41]. The size distribution profile of EVs was
estimated by the dynamic light scattering (DLS) measurement using a Zetasizer Nano-ZS90
instrument (Malvern Instruments, Malvern, UK) as described in detail elsewhere [41]. To
assess the morphology of the vesicles, transmission electron microscopy (TEM) analysis
was performed according to the protocol provided by Thery et al. [42] as described in detail
elsewhere [41].

4.3. Western Blot Analysis

Whole-cell lysates were prepared in the RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) en-
riched with protease (Roche, Mannheim, Germany; 11836153001) and phosphatase (Roche,
Mannheim, Germany; 04906845001) inhibitors. The concentration of proteins in the an-
alyzed samples was assessed using the PierceTM BCA Protein Assay kit (Thermo Fisher
Scientific, Waltham, MA, USA; 23225) according to the manufacturer’s instructions. Pro-
teins samples (15 µg) were mixed with the loading buffer to a final concentration of 2% (v/v)
SDS, 0.1% (v/v) bromophenol blue, 10% (v/v) glycerol, and 100 mM DTT, then denatured
for 5 min at 95 ◦C and separated by 12% SDS–polyacrylamide gel electrophoresis followed
by wet transfer onto nitrocellulose membranes (Thermo Fisher Scientific, Waltham, MA,
USA; 88018). Membranes were blocked for 1 h in 5% non-fatty milk and 0.1% Tween in
PBS, and then the primary antibodies were added for 16 h incubation at 4 ◦C: anti-P-Ser15-
p53 (Cell Signaling Technology, Danvers, MA, USA, 9284S; 1:1250), anti-P-Ser139-H2A.X
(Cell Signaling Technology, 9718S; 1:1000), anti-P-Ser1981-ATM (Cell Signaling Technology,
5883S; 1:1250), anti-P-Thr1989-ATR (Thermo Fisher, PA-5-77873; 1:1000), and anti-β-Actin
(Cell Signaling Technology, 4967S; 1:1000). After triplicate washes, a secondary antibody
conjugated with HRP was added for 1 h at 23 ◦C. Chemiluminescence detection of bands
was performed with WesternBright Sirius HRP substrate (Advansta, San Jose, CA, USA,
K-12043-D10) according to the manufacturer’s instructions.

4.4. Immunocytochemistry and Fluorescence Microscopy

Cells co-incubated with sEVs were washed three times with PBS and fixed with
4% formaldehyde solution in PBS for 20 min. After three washes with PBS, cells were
permeabilized in 0.1% Triton X-100/0.1× citrate buffer for 5 min on ice and washed three
times with PBS. Non-specific binding of antibody was blocked with a 3% BSA solution in
PBS for 30 min at 23 ◦C. The preparations were incubated with the primary antibodies anti-
P-Ser139-H2A.X (Cell Signaling Technology, Danvers, MA, USA, 9718S; 1:400) or anti-DNA-
RNA hybrid S9.6 (Kerafast, Boston, MA, USA, ENH001; 1:100) in 3% BSA/PBS for 1 h and
then with the secondary antibody conjugated with FITC (2% BSA/PBS) for 1 h in the dark at
23 ◦C. In order to identify newly replicated DNA after stimulation of sEV cells, incubation
was performed for 30 min with a thymine analog EdU (5-ethynyl-2′-deoxyuridine; Thermo
Fisher Scientific, Waltham, MA, USA; C10339) at a final concentration of 10 µM. Then, the
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cells were washed three times with PBS and fixed with 4% formaldehyde in PBS for 20 min.
Nuclei were counterstained with DAPI, and the preparations were examined using the
ELYRA 7 system (Carl Zeiss, Oberkochen, Germany) at a magnification of 63×. To visualize
exosome uptake, purified vesicles were stained with PKH26 (Ex_0Gy) or with PKH67
(Ex_2Gy) (Merck, Darmstadt, Germany; MINI26 and MINI67, respectively) according to
the manufacturer’s procedure. Then, the excess dye was removed using Exospin 3 kDa
columns (Thermo Fisher Scientific, Waltham, MA, USA; 4484449). The stained vesicles
(both types simultaneously) were added to the FaDu cells and a 24 h real-time observation
was performed using the ELYRA 7 system at a magnification of 20×.

4.5. Protein Identification by LC-MS/MS

Whole-cell lysates in the RIPA buffer were prepared for mass spectrometry-based
shotgun global phosphoproteomic analysis according to Supplementary Protocol P1 given
in the Supplementary Materials. Enrichment of phosphopeptides was realized using tita-
nium dioxide according to the protocol of Borisova et al. [43] with modifications. Peptides
were analyzed using the Dionex UltiMate 3000 RSLC nanoLC System coupled with the Q
Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific). The spectrometer was
operated in data-dependent MS/MS mode with survey scans acquired at the resolution of
70,000 at m/z 50 in the MS mode, and 17,500 at m/z 200 in the MS2 mode. Based on the Swiss-
Prot human database, peptide and fragment ion masses were used for protein identification
with a precision tolerance of 10 ppm and 0.02 Da, respectively. A protein was considered as
positively identified if at least one specific peptide was detected, and the peptide score met
the significance threshold FDR = 0.01. Protein abundances were determined in Proteome
Discoverer by using the Precursor Ions Area detector mode, which uses an average intensity
of the three most intensive peptides for a given protein, normalized to the total ion current
(TIC). A detailed description of the implemented protocol is provided in Supplementary
Protocol P2. The obtained data were deposited to the ProteomeXchange Consortium [44]
via the PRIDE [45] partner repository with the data set identifier PXD032143.

4.6. Statistical and Bioinformatics Analyses

The significance of the differences between the analyzed groups was assessed using
the Kruskal–Wallis test followed by Dunn’s post hoc test for pairwise comparisons; p < 0.05
was found to be statistically significant. To assess the effects of exosome stimulation on
phosphoproteome of the recipient cells, nine ratios between 3 technical replicas of pairwise
compared samples (Ex_0Gy vs. Ex_2Gy) were established, and their global distributions
were modeled by Gaussian mixture allowing for quantification of differences between
the compared samples [46]. The major components located around the ratio 1.0 were
considered as the model of the “not changed” feature, while thresholds for “changed”
features were set at 1.710. A feature was considered upregulated (or downregulated) when
the median fold-change ratio for all combinations of replicas exceeded the abovementioned
thresholds. The String-db knowledgebase [47] was used to predict potential interactions
between selected proteins (accessed on 25 January 2022).
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